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Abstract 
Plasmonic materials convert light into chemical energy, which is used to drive 
chemical reactions with greater efficiency and selectivity than traditional catalysts. To 
enhance the efficacy of these plasmon-driven processes, it is critical to determine the 
underlying mechanisms that occur once plasmons are excited by light. However, the 
manner in which these materials convert light into chemical energy is poorly understood 
due to the fast time scales of energy partitioning into various plasmon decay pathways, 
including hot carrier generation, localized heating, and enhanced electromagnetic fields. 
To that end, I have developed ultrafast surface-enhanced Raman spectroscopy (SERS) as 
a technique to probe the fundamental interactions between plasmons and molecules to 
elucidate a possible mechanism for plasmon-driven photochemistry. 
Initial studies using ultrafast SERS examined plasmon-molecule interactions to 
probe how hot electron generation upon plasmon decay affects adsorbed molecules. The 
observed photophysical response of 4-nitrobenzenethiol (4-NBT) adsorbed to aggregated 
gold nanoparticles allowed for the quantification of charge delocalization across the 
plasmonic substrate. The surprisingly large number of charges available is promising for 
hot electron driven plasmonic processes.  
Later studies focus on the modification of the ultrafast SERS instrument for 
ultrafast nanoscale Raman thermometry measurements. The ability to measure the 
localized heating of adsorbates on plasmonic materials is essential for understanding the 
contribution of localized heating in plasmonic photocatalysis. Follow-up studies examine 
iii 
 
the effect of the local environment upon plasmonic heating of adsorbed molecules. The 
local environment is an important consideration as catalysts are commonly stabilized by 
various catalytic support materials.  
Finally, I characterize the plasmonic properties of a new non-noble plasmonic 
material, consisting of copper selenide nanoparticles (Cu2-xSe NPs), by measuring their 
SERS enhancement factor. Additionally, Cu2-xSe NPs are promising photocatalysts as 
shown by their ability to dimerize 4-NBT in the presence of light. New plasmonic 
materials, like Cu2-xSe NPs, are exciting earth-abundant and cost-effective alternatives to 
the more traditional noble metal photocatalysts.  
Herein, I show that ultrafast SERS provides a unique approach to examine 
plasmon-molecule interactions on the picosecond time scale of chemical reactivity. This 
technique has the potential to determine the underlying processes that directly influence 
plasmon-mediated catalysis and to provide insights for the development of more efficient 
plasmonic photocatalysts. 
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Introduction 
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1.1 Motivation 
 Plasmonic materials convert light into various forms of energy, which can be used 
in a myriad of applications, including photovoltaics,
1
 photothermal therapies,
2
 water 
purification,
3
 and selective photocatalysis.
4,5
 In particular, plasmonic photocatalysts have 
the potential to drive chemical reactions with greater efficiency and selectivity than 
traditional catalysts.
4
 However, the manner in which these materials convert light into 
chemical energy is poorly understood. To enhance the efficacy of these plasmon-driven 
processes, it is critical to determine the underlying mechanisms that occur once plasmons 
are excited by light.
6
  
 A plasmon is the collective oscillation of charge density across a plasmonic 
nanostructure that occurs upon photoexcitation. These oscillations focus the 
electromagnetic field into nanoscale volumes located between nanostructures, creating 
hot spots. Molecules in these hot spots may experience altered reaction pathways due to 
the high concentration of light. Additionally, plasmons can decay via several competing 
pathways, including generation of hot or highly energetic carriers through the formation 
of electron-hole pairs, localized heating of the surroundings, and transfer of energy to 
nearby adsorbates.
5,7,8
 However, knowledge of the underlying mechanisms, which 
determine the energy partitioning into these pathways, is lacking. 
 This lack of knowledge arises, in part, due to the fast time scales of the plasmon 
decay pathways. After photoexcitation, a plasmon quickly dampens in 10 to 100 fs 
through electron-electron scattering, leading to highly energetic or hot electrons.
9
 These 
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hot electrons can have energies ranging from the Fermi energy to the work function of 
the material.
10
 Once generated, the hot electrons may scatter off the phonons of the 
plasmonic material generating a hot lattice or transfer to nearby adsorbates to drive a 
chemical reaction. These interactions occur in 1 to 10 ps.
7
 In the following 100s of 
picoseconds, the plasmonic substrate transfers the heat generated upon electron-phonon 
scattering to the surroundings. To further elucidate these plasmon decay pathways, a 
technique with high time resolution is needed to monitor plasmon-molecule interactions 
in real time. 
 Ultrafast surface-enhanced Raman spectroscopy (SERS) is a vibrationally 
sensitive technique with picosecond time resolution.
11,12
 SERS is a plasmon-enhanced 
technique that preferentially probes the bonds of molecules adsorbed in the plasmonic hot 
spots.
13
 Thus, SERS is an ideal technique for studying the plasmon-molecule interactions 
from the point of view of the molecular probe. The ability to probe picosecond dynamics 
of the molecular-plasmonic system will allow for the rational design of materials for 
more efficient plasmonic catalysts. 
1.2 Outline 
 In the following chapters, I build upon the current understanding of the 
underlying mechanism of plasmonic photocatalysis by further elucidating molecular-
plasmonic systems using ultrafast SERS.  
 Chapter 2 discusses the need for new time sensitive techniques for studying 
plasmon-driven photocatalysis due to the femtosecond and picosecond dynamics of 
4 
 
plasmon excitation and decay as well as the time scale of bonds breaking and forming. 
This chapter reviews various ultrafast Raman spectroscopy techniques and how the use of 
these techniques for studying plasmonic photocatalysis will lead to new insights into the 
mechanisms behind plasmon-driven processes. 
 In Chapter 3, I use ultrafast surface-enhanced Raman spectroscopy to examine hot 
carriers generated upon plasmon excitation from the molecular prospective. From these 
measurements, I relate the changes in the transient SERS signal depletion to charge 
delocalization across the plasmonic substrate and quantify the charges available to drive a 
chemical reaction. 
 In Chapter 4, I introduce a new technique, ultrafast nanoscale Raman 
thermometry, where I modify the ultrafast SERS technique to allow for the monitoring of 
changes in vibrational kinetic energy, described as effective temperatures, of the 
adsorbates on the aggregated gold nanoparticles upon plasmon excitation. I then estimate 
the impact of this degree of heating upon several examples of plasmonic photocatalysis 
from the literature. 
 In Chapter 5, I further explore the potential effects of localized plasmonic heating 
on plasmonic photocatalysis by examining the effect of various catalytic supports near 
adsorbed molecules in the hot spots. I  measure the effective temperature of an adsorbate 
on gold nanostructures with various local environments, ranging from ligand to 
mesoporous silica shell to a non-porous silica shell. These measurements shed light on 
the impact catalytic supports upon the efficiency of plasmonic photocatalysts. 
5 
 
 In Chapter 6, I transition away from the classic gold nanostructures discussed in 
previous chapters to examine the plasmonic properties of a more unique plasmonic 
substrate. Here, I discuss the plasmonic properties of semiconductor Cu2-xSe 
nanoparticles in terms of SERS enhancement factors and a common plasmon-driven 
chemical reaction and how these measured properties compare to more traditional 
materials, like gold nanostructures.  
 In conclusion, Chapter 7 discusses promising avenues of further research with 
these techniques, including quantifying the absorption-induced heating as well as mode-
specific energy transfers between adsorbates and plasmons. Additionally, I discuss the 
potential of alternative plasmonic materials, including aluminum nanocrystals and the 
Cu2-xSe nanoparticles examined in Chapter 6, for plasmon-driven catalytic processes. 
These studies will further elucidate the mechanisms behind plasmon-mediated 
photocatalysis. 
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Chapter 2 
 
Ultrafast Surface-Enhanced Raman Spectroscopy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reprinted with permission from the manuscript by Emily L. Keller, Nathaniel C. Brandt, 
Alyssa A. Cassabaum, and Renee R. Frontiera Analyst 2015, 140, 4922-4931 
Copyright 2015 The Royal Society of Chemistry   
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2.1 Synopsis 
 Ultrafast surface-enhanced Raman spectroscopy (SERS) with pico- and 
femtosecond time resolution has the ability to elucidate the mechanisms by which 
plasmons mediate chemical reactions. Here we review three important technological 
advances in these new methodologies, and discuss their prospects for applications in 
areas including plasmon-induced chemistry and sensing at very low limits of detection. 
Surface enhancement, arising from plasmonic materials, has been successfully 
incorporated with stimulated Raman techniques such as femtosecond stimulated Raman 
spectroscopy (FSRS) and coherent anti-Stokes Raman spectroscopy (CARS). These 
techniques are capable of time-resolved measurement on the femtosecond and picosecond 
time scale and can be used to follow the dynamics of molecules reacting near plasmonic 
surfaces. We discuss the potential application of ultrafast SERS techniques to probe 
plasmon-mediated processes, such as H2 dissociation and solar steam production. 
Additionally, we discuss the possibilities for high sensitivity SERS sensing using these 
stimulated Raman spectroscopies.  
2.2 Introduction 
 The surface-enhanced Raman spectroscopy (SERS) field has matured 
significantly over the past decades since its discovery,
14,15
 with clear proof of single-
molecule sensitivity,
16
 a general agreement upon the enhancement mechanism,
13,17,18
 and 
the development of commercial substrates for SERS applications.
19,20
 More recently, 
there have been exciting developments in extending SERS techniques and methodologies 
to the ultrafast regime, in which femtosecond and picosecond time scale techniques have 
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been coupled with the plasmonic materials used for SERS. These successes have opened 
a new direction in SERS research, in which new methods allow for the direct probing of 
mechanisms of plasmon-mediated chemical processes.  
 Plasmon-induced photochemical and photophysical processes have been the 
recent focus of intense research efforts
21,22
 and convincing demonstrations of these new 
class of reactions include high efficiency photovoltaics,
1,23,24
 water splitting,
25,26
 and 
pollutant degradation.
27,28
 However, many of the recent reports on plasmons as catalysts 
are phenomenological, as the mechanism of turnover enhancement is unknown and 
typically behavior is quantified only as an overall improvement in reaction efficiency. 
The newly developed techniques described in this minireview have great potential in 
elucidating direct mechanisms of plasmon-induced processes, ideally leading to great 
improvements in rational device design and overall efficiency. 
 This paper provides a review of recent ultrafast SERS methods, including surface-
enhanced femtosecond stimulated Raman spectroscopy (SE-FSRS), surface-enhanced 
coherent anti-Stokes Raman spectroscopy (SE-CARS), and time-resolved SE-CARS 
(TR-SE-CARS). These recently developed techniques have convincingly demonstrated 
the compatibility of ultrafast pulses with highly enhancing plasmonic substrates, have 
conclusively proven that surface enhancement extends to stimulated Raman processes, 
and have enabled molecular-plasmonic studies on the femtosecond time scale of nuclear 
motion. These abilities allow one to directly follow bond-making and –breaking 
processes as plasmons induce new chemical changes in proximal molecular species. 
Additionally, due to the higher order fields used in stimulated Raman processes, these 
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new techniques may prove to be more sensitive to detection of low concentration analytes 
as compared to spontaneous SERS processes. These new developments build off of 
numerous previous works in the field which examined properties including picosecond 
dynamics,
29,30
 tip enhanced coherent Raman spectroscopy,
31
 ultrafast decay rates,
32
 and 
ultrafast charge-transfer.
33
 
 This paper begins with a discussion of the electromagnetic field enhancement 
mechanism of SERS, followed by a discussion of the relevant time scales of coupled 
molecular-plasmonic system dynamics and the advantages of probing these systems with 
ultrafast spectroscopies. Section 2.3 discusses three recent demonstrations of ultrafast 
SERS, consisting of SE-FSRS, SE-CARS, and TR-SE-CARS. These three examples are 
chosen as they represent some of the most recent advances in the rapidly expanding 
ultrafast SERS field, and do not include all work in this area. They exemplify significant 
technical advances, by pushing the limits of time resolution and making measurements of 
very few numbers of molecules. We follow with an outlook on possible applications of 
these novel ultrafast SERS techniques, including discussions on plasmon-induced H2 
dissociation, plasmon-driven steam generation, and increased sensing specificity at low 
concentrations.   
2.2.1 What is a plasmon and how is it related to SERS?  
 The dramatic signal enhancement characteristic of SERS is due in large part to the 
enhancement of the electromagnetic fields involved in the Raman measurement by the 
nanoscale metallic structures typically used as SERS substrates.
17,34,35
 The underlying  
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origin of the electromagnetic field 
enhancement lies in the coupling of 
incident electromagnetic fields to 
localized surface plasmon resonances 
(LSPRs) of the nanoscale metallic 
SERS substrates. In their most basic 
form, plasmons are oscillations of 
free electron density relative to fixed 
nuclei in a metallic lattice and may be 
excited by light irradiation. Excitation 
occurs when the applied external 
oscillating electric field is matched to 
the resonant plasmon frequency, which is dependent on the dielectric constants of the 
material employed (Figure 2.1a).
36,37
 The transition from bulk plasmon resonance to 
LSPR occurs as the result of confining the plasmon resonance to a metallic object much 
smaller than the wavelength of the external electric field, and results in an electric field 
enhancement near the surface of the metallic object on the order of 10
1
 to 10
2
.
38
  
 Figure 2.1 shows a to-scale depiction of the creation of the LSPR following light 
irradiation. In this case, a spherical nanoparticle with radius r is irradiated by light with 
wavelength λ in the long wavelength limit (given as r/λ<0.1).34 The small size of the 
nanoparticle relative to the wavelength of the irradiating light allows the electric field 
surrounding the nanoparticle to be approximated as constant at a given time point. In the 
 
Figure 2.1 To-scale depiction of a localized 
surface plasmon resonance. a. Light with a 
wavelength of approximately 500 nm irradiates 
a 20 nm gold nanoparticle. Panels b and c 
depict the oscillation of the electron cloud 
(gold) relative to the atomic lattice (grey), in 
response to the incident electromagnetic field. 
11 
 
case of a sphere, the field enhancement associated with LSPR excitation occurs along the 
polarization axis of the light and rapidly switches poles at the frequency of the applied 
field, corresponding to a period of several femtoseconds for visible light (Figure 2.1b and 
2.1c). 
 SERS measurements are typically characterized by an enhancement factor (EF), 
which quantifies the amount by which the surface increases the Raman signal.
13,39
 In 
spontaneous Raman-based SERS, the signal enhancement scales as approximately E
4
, 
where E is the electromagnetic field. This can be understood by examining the 
interactions of the incident and scattered fields with a simple spherical nanoparticle using 
the formalism given by Van Duyne and colleagues.
34
 In this case, the incident field E0 
experiences an enhancement given by:  
|𝐄out|
2 = 2𝐸0
2|𝑔|2  
where Eout corresponds to the electric field at the surface of the nanoparticle and the field 
enhancement associated with the nanoparticle is given by the parameter g. The Raman-
scattered electromagnetic field will experience a similar enhancement at the Raman-
scattered frequency. Comparison of the enhanced fields relative to the incident field E0 
yields the enhancement factor EF as  
𝐸𝐹 =
|𝐄out|
2|𝐄out′|
2
|𝐄0|2
= 4|𝑔|2|𝑔′|2  
where the terms corresponding to the Raman-scattered field are denoted by “ ′ ”. 
Assuming the frequency of the Raman-scattered field to be close to the frequency of the 
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incident field yields 𝑔 = 𝑔′ and gives an enhancement scaling of 𝑔4. Thus, for a single 
particle with field enhancement of 10 (a typical value for an isolated nanosphere), the 
Raman signal is expected to be enhanced by 10
4
.  
Stronger electric field enhancement, above that expected for a single metal 
nanoparticle, can obtained through the use of aggregates of two or more nanoparticles.
38
 
When two nanostructures are placed close to one another, coupling between the LSPR of 
each particle results in additional field enhancement in the region between the two 
particles, which is commonly referred to as a “hot spot”. The interaction between the two 
particles can be considered in a fashion similar to molecular orbital theory in molecular 
systems, a theory which readily leads to predictions of aggregate plasmon resonance 
energies and field enhancements.
40,41
 For aggregated particles with field enhancements of 
10
4
, the SERS EF could be as high as 10
16
. However, particles and molecules start to 
break down under these high field strengths and experimental EFs have only been 
verified to a level of approximately 10
12
.
13
 Additionally, quantum tunneling begins to 
dominate in this limit, as the nanostructures must be quite close together.
42
  
 Over the past several decades since its discovery, investigations have focused on 
the mechanism of SERS signal enhancement and the use of SERS for quantitative 
sensing of a variety of analytes.
37
 The mechanism of enhancement is dominated by the 
electromagnetic field enhancement described above, with small contributions from 
chemical processes, such as charge -transfer. In the sensing area, current work focuses on 
solving long-standing problems such as rigorous quantification of unknown analytes and 
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specificity within complex media. A new and highly active area of SERS research 
involves the coupling of plasmonic surface enhancement with ultrafast spectroscopies, 
with the goal of following molecular adsorbate-plasmon interactions on the femtosecond 
and picosecond time scale. As plasmons have been found to enhance a number of 
photochemical and photophysical processes, these new ultrafast methods have the 
potential to quantify and elucidate the mechanisms behind these new processes, including 
hot electron and hole transfer, increased heating or scattering, and modification of 
reactive potential energy surfaces.  
2.2.2 How do plasmons and molecules interact?  
 In addition to forming the basis for SERS, plasmonic excitations may also be 
exploited to drive chemical reactions.
43,44
 To most effectively use plasmons to perform 
chemical reactions, a greater understanding of the decay mechanisms, energy or electron 
transfer pathways, and the lifetimes of various processes is required. A major goal in the 
development of new ultrafast SERS methodologies is to quantitatively measure these 
processes. Here we discuss what is currently known about molecule-plasmon interactions 
on the ultrafast time scale. In Figure 2.2, we depict likely decay pathways for an excited 
molecular-plasmonic system; however time scales are merely approximate and subject to 
change for specific systems. 
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Once excited, plasmons 
quickly decay and dissipate their 
energy via several pathways (Figure 
2.2). The decay of the coherent 
plasmon, which results in the 
formation of hot electrons, is 
predicted to occur within 
approximately 10-100 fs due to 
electron-electron interactions.
45,46
 
Ejected hot electrons could have energies ranging from the Fermi level to the work 
function of the plasmonic material and are likely sufficiently energetic to drive chemical 
reactions in adsorbed analyte molecules.
10,47
 Quantitative measurements of the lifetime 
and yield of these hot carriers are currently lacking, although numerous theoretical 
models predict their existence.
10,47,48
 Within the nanoparticle, the initially coherent 
plasmon gas quickly becomes incoherent, and through interactions between the electrons 
and the metal phonons, forms a hot metal lattice with a lifetime of 1-10 ps.
49–51
 The hot 
metal lattice then relaxes by coming to equilibrium with the surrounding environment 
through the release of excess energy as heat over the course of several hundreds of 
picoseconds to nanoseconds.
7,52
  
Bright, or radiative, plasmons can also decay into dark, or non-radiative, 
plasmons.
53–57
 Dark plasmons exhibit no overall dipole moment, precluding their 
interaction with plane wave excitation sources. In single nanoparticles, dark plasmons are 
 
Figure 2.2 Approximate time scales of 
molecular-plasmonic interactions. Timescales 
are generalized and could vary by several orders 
of magnitude depending on the system. 
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typically associated with quadrupole or higher multipole modes. In aggregated particles, 
dark plasmons arise when the individual plasmons associated with single nanoparticle 
dipoles interact to yield no net dipole moment, creating a dark mode similar to an anti-
bonding orbital. Because they cannot be directly excited by incident radiation and 
experience minimal radiative damping, dark plasmons exhibit longer lifetimes than their 
bright counterparts. They are also localized in different regions on the nanoparticle and 
are not visible in extinction spectra or other far-field measurements.
56
 Due to their longer 
lifetimes, dark plasmons have more time to interact with nearby molecules, potentially 
leading to more efficient plasmon-driven processes. As a result, when formed, dark 
plasmons are promising avenues of plasmonic research in areas such as plasmon-induced 
chemistry. 
Molecules placed near the hot spots of plasmonic structures may be affected by 
plasmonic excitations in several ways; however, the precise nature of the interplay 
between plasmons and nearby molecules is not well understood. Depending on the 
analyte of interest, the molecule may be photoexcited in the first few femtoseconds after 
light irradiation independent of the plasmonic excitation. Furthermore, the potential 
energy surface of a reacting molecule may be rapidly altered due to the intensity of the 
electric field in these regions, opening the possibility of accessing new reaction 
coordinates. Additionally, the hot electrons generated on the plasmonic material are 
transferrable to adsorbed molecules on the femtosecond time scale, which may be used to 
drive chemical reactions. Due to these plasmonic effects, the molecule could ideally 
undergo structural rearrangement on the femtosecond and picosecond time scale.  
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The techniques discussed in Section 2.3 have the potential to further elucidate 
plasmonic-molecular interactions, leading to the development of plasmon-mediated 
chemistry and increased sensing possibilities. Ultrafast Raman spectroscopy forms the 
common element of all discussed techniques because it allows for the observation of 
molecular structure through the vibrations of the molecule and changes in structure due to 
interaction with the plasmon. These structural changes are observed through shifts in the 
vibrational frequencies of the Raman active modes for a molecule. Ultrafast laser pulses 
allow for data acquisition on the time scales of the plasmonic and molecular lifetimes, 
generating “molecular movies” for the course of a reaction. Recently, stimulated Raman 
techniques have been combined with SERS, increasing the sensitivity of these time-
resolved techniques. As a result, LSPR-driven electromagnetic field enhancement can be 
used to both observe molecular vibrations through SERS as well as drive chemical 
reactions through hot electron transfer to analyte molecules.  
2.2.3 How does ultrafast spectroscopy probe molecular-plasmonic interactions? 
 Ultrafast spectroscopies are generally considered to be those which probe systems 
on the picosecond or femtosecond time scale. Given that molecular vibrational 
frequencies range from ~100 cm
-1
 to 3000 cm
-1
, this time scale is comparable to the 
period of vibrational motion (from 333 fs to 11 fs). Thus, in order to use real-time 
monitoring of bond-breaking and -making processes induced by plasmons, ultrafast 
spectroscopies are required. 
 In this review, we consider ultrafast Raman spectroscopies, due to the strong 
enhancement of Raman spectroscopy by plasmonic fields, as described above. Time-
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resolved spontaneous Raman spectroscopy is subject to the time-energy bandwidth 
product, meaning that there is an inverse relationship between spectral resolution and 
temporal resolution. In these spectroscopies, time resolution on the order of several 
picoseconds results in Raman linewidths of tens of cm
-1
, which is sufficiently fast to 
observe some but not all of the relevant dynamics.  
 Stimulated Raman spectroscopies have the ability to extract structural information 
on time scales shorter than several picoseconds and, in some cases, can provide 
information on reaction dynamics on the 10s of femtosecond time scale. In this review, 
we consider two forms of stimulated Raman spectroscopies: femtosecond stimulated 
Raman spectroscopy (FSRS),
58,59
 and coherent anti-Stokes Raman spectroscopy 
(CARS)
60,61
. Both of these spectroscopies involve the interaction of two or three ultrafast 
laser pulses and vibrational modes in the sample of interest. When coupled with a 
femtosecond excitation pulse, such as that indicated in Figure 2.2, these spectroscopies 
can be used to monitor chemical change in molecular-plasmonic systems. 
2.3 Novel ultrafast SERS methods to monitor molecular-plasmonic systems 
Here we highlight three different ultrafast SERS techniques, which emphasize the 
range of technical capabilities possible with these methods, including single molecule and 
time-resolved measurements. 
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2.3.1 SE-FSRS  
SE-FSRS is a novel spectroscopic technique created by combining FSRS and 
SERS. FSRS allows for the vibrational dynamics of a system to be monitored over time, 
creating “molecular movies” of the evolution of the system. A drawback to this technique 
is that samples need to have high Raman cross sections or be highly concentrated to 
produce a strong FSRS signal. Adding surface enhancement to the FSRS process 
provides a significantly more intense spectral signal from fewer molecules, enabling the 
study of molecular-plasmonic interactions on the femtosecond time scale. 
Previous attempts to couple stimulated Raman techniques with the surface 
enhancing capabilities of plasmonic materials were troubled by issues involving sample 
degradation. A SE-FSRS experiment by Gilch et al. convincingly demonstrated that 
particles aggregated by ionic interactions are not stable under irradiation from high 
energy, kHz repetition rate femtosecond pulses.
62
 In these systems, the particles likely 
undergo rapid melting or de-aggregation, which surprisingly seems to occur on a time 
scale faster than vibrational signal generation.  
SE-FSRS was demonstrated successfully through the use of higher repetition rate 
and lower peak power lasers, which enabled the clear generation of SE-FSRS signals 
with rapid acquisition times. Figure 2.3 shows the SERS intensity spectrum of trans-1,2-
bis(4-pyridyl)-ethylene (BPE) on 100 nm gold nanoparticles encased in silica (red) as 
well as the SE-FSR spectrum (black).
63
 The peaks in the SE-FSR spectrum show 
dispersive lineshapes where conventional SER spectra show Lorentzian lineshapes. 
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Dispersive lineshapes are not uncommon in stimulated Raman spectroscopies and can 
also be found when the Raman pump is on resonance with an electronic transition of the 
system. In this case, the dispersive features result from interactions of the plasmonic 
nanoparticles and the vibrational coherence used to generate the Raman signal.
64
 The SE-
FSR spectra show high degrees of spectral (20 cm
-1
) and temporal (10-100 fs) resolution, 
and convincingly demonstrate that ultrafast stimulated Raman spectroscopies can be 
successfully adapted to plasmonically-enhanced nanoscale environments.  
Determining the exact EF of 
the SE-FSRS process is a crucial 
factor in the overall sensitivity of this 
method. As with many SERS EF 
calculations, the exact determination 
in this experiment is hindered by 
uncertainty in the number of 
molecules participating in the Raman 
process. The EF is estimated to be 
between 10
4
-10
6
 when assuming a 
monolayer surface coverage, less than 
the 10
8
 enhancement found in SERS 
experiments on the same samples.
63,65
 
This discrepancy is likely due to particle degradation, as the authors found significant 
 
Figure 2.3 Proof of principle surface-enhanced 
femtosecond stimulated Raman spectra. In red 
is the spontaneous SER spectrum of the bis-
pyridyl-ethylene nanoantennas, and in black is 
the SE-FSR spectrum. The two techniques show 
isoenergetic features, although the lineshapes 
are dispersive in SE-FSRS. Figure reproduced 
with permission from reference 
63
. 
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changes in the LSPR over the course of the experiment, demonstrating a change in the 
plasmonic properties of the material. However, it is clear that high signal-to-noise ratio 
spectra are easily achievable with this technique. 
The clear success of coupling plasmonic materials with femtosecond stimulated 
Raman techniques forms a first step towards monitoring plasmonically-induced 
photochemical and photophysical processes. SE-FSRS shows great potential in 
determining system mechanisms and intermediates that have low signals and short 
lifetimes that are not able to be detected by other methods, significantly increasing the 
number of systems and fields of study that can be explored.  
2.3.2 SE-CARS 
CARS is a stimulated Raman technique similar to FSRS, which involves the 
interaction of 2 to 3 laser beams and provides anti-Stokes Raman information in a 
coherent beam of emitted light. While CARS can suffer from interferences from 
electronic signals, termed the “non-resonant background”, it has been highly useful in 
imaging and materials characterization.
60
 Several attempts have been made to couple the 
CARS processes with the surface-enhancing capabilities of plasmonic materials, with 
historical enhancement factors on the order of 10
3
.
66,67
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A more recent experiment by 
Halas et al. demonstrated SE-CARS 
with single molecule and single 
particle resolution.
68
 This 
extraordinary sensitivity was 
achieved with a carefully designed 
plasmonic substrate consisting of a 
quadrumer of four Au disks 
evaporated onto a silica support. Once 
prepared and characterized, small 
molecules were introduced to the 
substrate to determine the EF, which 
was 10
5
 relative to CARS without 
surface-enhancement. When 
compared to spontaneous Raman, an 
EF of 10
11
 was observed. A bi-analyte 
experiment was performed with p-
aminothiophenol (p-MA) and adenine, which were used in the previous ensemble 
measurements, to obtain single molecule data. As bianalyte rather than isotopologue 
measurements were performed to prove single molecule behavior, the authors of this 
study did careful surface adsorption measurements to ensure differences in molecular 
binding affinities did not affect the statistics. As shown in Figure 2.4, three different 
 
Figure 2.4 SE-CAR spectra depicting single 
molecule detection via the bianalyte method. 
The top two spectra show each analyte 
individually and the bottom spectrum is 
representative of the presence of both analytes. 
Figure reproduced with permission from 
reference 
68
. 
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spectra were observed. The spectra either contained peaks associated with only one of the 
analytes or a combination of peaks from both analytes. With the observed enhancement, 
the Halas group demonstrated the analytical potential of this technique when an 
appropriately enhancing substrate is used.  
2.3.3 TR-SE-CARS 
 Both the SE-FSRS and SE-CARS experiments discussed thus far have been 
ground state measurements, with the undemonstrated potential of coupling these 
measurements with direct photoexcitation to follow the ultrafast dynamics of the 
molecular-plasmonic system. The next example, which we term TR-SE-CARS, is a true 
breakthrough in extracting femtosecond information from a CARS measurement. While 
not an example of a photoexcited system, femtosecond dynamics corresponding to 
molecular vibrations were obtained at the single particle and possibly single molecule 
level.  
 The recent demonstration of TR-SE-CARS allows for direct observation of 
molecular vibrations in real time.
69
 Measurements of this type were made possible by 
utilizing the robust sample architecture used in the SE-FSRS experiments described in 
Section 2.3.1, in which analyte molecules (BPE, as in the SE-FSRS experiments) were 
adsorbed to gold nanoparticle dimers and then encapsulated in silica. This allows for 
SERS signals from single dimer particles to be reliably obtained over long time periods 
using intense ultrafast laser pulses without significant sample damage. Single particles 
immobilized on a TEM grid substrate were examined by TR-SE-CARS, in which Raman-
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active vibrations were excited by a pump pulse pair and then probed at a later time using 
a single probe pulse (Figure 2.5a). Through proper tuning of the frequencies of the pump 
and Stokes pulses used to generate the TR-SE-CARS signal, the authors were able to 
excite multiple Raman-active vibrations of BPE. This resulted in a signal that oscillated 
in time due to the quantum beating of the closely-spaced excited vibrational modes 
(Figure 2.5b). This oscillatory signal appeared on top of a non-resonant background, 
which likely arose from the plasmonic response of the nanoparticle structures. While 
rigorous separation of the plasmonic and molecular responses is not trivial due to the 
extent of molecule-plasmon coupling being not well understood, the authors were able to 
extract and analyze the oscillatory features of the spectra.  
In addition to forming an important demonstration of femtosecond time-resolved 
SERS, the authors were able to show evidence that some of the oscillatory TR-SE-CARS 
signals were suggestive of single molecule behavior through statistical analysis of the 
dephasing present in each signal. Whereas TR-SE-CARS signals from bulk BPE exhibit 
rapid dephasing back to zero signal (Figure 2.5c), the TR-SE-CARS signals from single 
dimer particles did not (Figure 2.5d). This behavior can be related to the number of 
molecules generating the signal through analysis of the average signal level at long delay 
time 〈𝑆(𝜏 → ∞)〉, which can be described by  
〈𝑆(𝜏 → ∞)〉 =
1
𝑁𝑉
  
where N is the number of particles and V is the number of vibrational states being 
excited. Through examination of the probability distribution function (PDF) of the 
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amplitude of each signal, with knowledge of V, assignments of N can be made with 
statistical certainty based on the moment of the signal PDF. As shown in Figure 2.5e, 
simulated TR-SE-CARS signals for one and two molecules show statistically different 
moments, with 〈𝑆(𝜏 → ∞)〉 =
1
2
 for N = 1 and 〈𝑆(𝜏 → ∞)〉 =
1
4
 for N = 2. Similar 
analyses of experimental signals allow for assignment of N, which in some cases 
confirmed single molecule behavior. It should be noted that single molecule behavior in 
this case was confirmed only through analyses of TR-SE-CARS traces as opposed to 
more commonly employed isotopic methods of confirmation, which are challenging 
under the experimental conditions employed in this work.
70
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Figure 2.5 TR-SE-CARS set-up and spectra a. Jabolonski diagram of the pump pair and 
probe pulses b. TR-SE-CAR spectra from SERS-active (orange and gray traces) and non-
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 The combination of SERS with time-resolved measurements, including FSRS and 
CARS, is needed in order to study plasmon-mediated chemical reactions. The increased 
signal and resolution offered by the surface-enhanced techniques as well as the ability to 
collect spectra on the time scale of the reaction allow for the collection of data for 
unstable intermediates which may not be visible to similar techniques. Additionally, TR-
SE-CARS would not only make it possible to study plasmon-mediated reactions as an 
ensemble but potentially offer the ability to observe how one molecule reacts when it is 
near a plasmonic hot spot. 
2.4 Future Prospects/Applications 
2.4.1 Plasmonic Processes 
The development of the stimulated and time-resolved surface-enhanced Raman 
methods described above open a new door into the ability to follow plasmon-induced 
photochemical and photophysical processes in real time. The ability of plasmons to 
concentrate light, generate highly energetic electrons and holes, and drive new chemical 
processes is leading to exciting research in coupling these novel methods with various 
SERS active (green trace) substrates c. damped quantum beating of vibrational modes in 
bulk BPE obtained by TR-SE-CARS (brown curve) and windowed Fourier transform of 
bulk BPE Raman signal (grey curve). The right panel shows the probability distribution 
function and moment of the brown curve. Inset shows TR-SE-CAR spectrum (blue 
curve), bulk BPE Raman spectrum (pink curve), and stick spectrum used for simulations 
d. TR-SE-CARS signal from a single dimer (brown curve) compared to simulated signal 
for stick spectrum in inset of c (grey curve). The PDF and moment of the experimental 
trace appears in the panel on the right e. simulated TR-SE-CARS signals for one 
molecule (green curve) and two molecules (blue curve). The panel on the right shows 
PDFs and moments of both traces. Figures reproduced with permission from reference 
69
. 
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chemical systems. Here we highlight a few of the future possibilities for SE-CARS and 
SE-FSRS. 
2.4.1.1 H2 dissociation 
Recently, hot electrons generated by exciting plasmonic gold nanoparticles were used to 
dissociate H2, which is typically an extremely energetically unfavorable reaction. 
Plasmon-mediated H2 dissociation is a light driven reaction, which occurs at ambient 
conditions.
71,72
 The photocatalytic power of plasmons towards heterogeneous catalysis 
and energy applications is quite appealing, however there remain significant questions as 
to the relative roles of hot electrons, light scattering, localized heating, and surface 
chemistry in these processes.  
Determining the mechanism by which plasmon-mediated chemistry occurs is vital 
towards truly harnessing the power of plasmonic photocatalysts. The proposed 
mechanism for H2 dissociation involves sufficiently energetic hot electrons populating an 
anti-bonding orbital of H2, resulting in a broken H-H bond. Similarly, D2 is dissociated 
and recombines with dissociated H2 to form HD at a sufficiently high concentration to be 
quantified with a quadrupole mass spectrometer (QMS).
71
 QMS detection allows for the 
determination of rate constants for this reaction, however it lacks sufficient time 
resolution and sensitivity to monitor the formation of the unstable intermediates proposed 
in this mechanism. The time-resolved SERS techniques described above could allow for 
data acquisition at each point in this photocatalytic process, providing molecular 
snapshots for each step of the mechanism. The structural information at relevant time 
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scales obtained by time-resolved SERS will show how molecules react near hot spots, 
providing many new avenues in plasmonic research and applications. 
2.4.1.2 Solar Steam 
An additional future application of time-resolved SERS lies in elucidating the mechanism 
of the recently reported plasmonically-driven steam evolution from liquid water. 
Irradiation of solutions of nanoparticles in water with focused sunlight has been shown to 
result in highly efficient steam generation,
3
 with promising utility in off-grid applications 
requiring steam production, such as waste sterilization.
73
 This process has been shown to 
yield steam generation with over 80% energetic efficiency without the need to heat the 
entire solution volume to its boiling point. The mechanism is believed to entail light 
trapping by nanoparticles in solution, in which multiple nanoparticle scattering processes 
followed by nanoparticle absorption results in localization of incident light into a small 
volume. This yields a compact and nanoscale heat source.
74
 However, the temperature 
rise experienced by the solvent molecules immediately surrounding the nanoparticle and 
the relative role of collective versus individual nanoparticle heating is still unclear. 
Additionally, the precise location of vapor nucleation is currently unknown,
75
 with the 
shape and spatial distribution of nanoparticles both believed to be important.  
Understanding of the precise mechanism of solvent vaporization on nanoparticle surfaces 
will undoubtedly benefit from the ability of time-resolved SERS to shed light on the 
ultrafast time scales that govern energy relaxation from nanoparticles into their 
surroundings. Furthermore, time-resolved SERS can also be exploited to give information 
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on the instantaneous temperature of the solvent immediately surrounding the nanoparticle 
through comparison of Stokes and anti-Stokes Raman spectra. This would greatly assist 
in elucidating the precise temperature rise of the solvent layer immediately surrounding 
the nanoparticle and aid in future design considerations for more efficient solar steam 
generation. 
2.4.2 Sensing applications 
 The novel ultrafast SERS methods described in Section 2.3 have been developed 
primarily for studies of plasmon-induced photochemical and photophysical processes, but 
also could have significant potential for SERS sensing applications. As SE-FSRS and SE-
CARS involve coupling stimulated Raman processes with surface enhancement, they 
have the advantage of coherent signal generation, along with the possibility of field 
enhancements beyond the E
4
 limit as described in Section 2.2.1. 
 Stimulated Raman techniques are fundamentally different than the spontaneous 
Raman techniques traditionally used for SERS. They are two-pulse techniques in which 
the first pulse induces an upward transition in the molecule from the ground state. The 
second pulse, which matches the frequency of the Raman shifted photon, stimulates a 
downward transition. Stimulated Raman therefore increases the probability of Raman 
scatter compared to spontaneous Raman. Furthermore, the stimulated Raman signal is 
coherent, meaning it is emitted in a beam-like fashion. This means that every Raman 
photon can in principle be collected, as opposed to spontaneous Raman signals in which 
photons are typically scattered in many directions and only a small solid angle is 
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collected. When approaching the limit for single molecule detection, the coherent nature 
of stimulated Raman scattering may enable greater sensitivity due to greater collection 
efficiency. 
An unexplored area of SERS sensing involves the potentially higher EFs of stimulated 
Raman spectroscopies as opposed to spontaneous Raman spectroscopies.  As discussed in 
Section 2.2.1, spontaneous SERS EFs depend roughly on E
4
, where E is the applied 
electromagnetic field. In two and three pulse stimulated Raman spectroscopies, the EF 
may consist of contributions of multiple enhanced electromagnetic fields. In that case, the 
SERS EF could, in principle, scale as E
6
 or even E
8
, in which E represents contributions 
from the multiple applied electromagnetic fields. This higher order enhancement has yet 
to be seen experimentally, due to difficulties with sample heterogeneity and breakdown at 
high fields.. As researchers seek to sense broad classes of compounds at the single 
molecule level with SERS, the possible higher order enhancements of stimulated SERS 
processes, including SE-CARS and SE-FSRS, could represent an exciting path towards 
greater sensing sensitivity at low concentrations. 
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2.5 Conclusion 
 This review discussed recent developments in ultrafast SERS methodologies, with 
applications to plasmon-mediated chemical reactions and highly sensitive sensing 
technologies. We highlighted the need for ultrafast SERS methods by considering the 
time scales of relevant molecular-plasmonic interactions, with implications for 
understanding reaction dynamics in numerous light-driven chemical and physical 
processes. Advances in this area in the past several years have been made by coupling 
stimulated Raman methods, such as FSRS or CARS, with the surface-enhancing 
capabilities of plasmonic materials. More recent work has shown the applicability of 
these techniques to femtosecond time scale measurements, through the demonstration of 
single molecule TR-SE-CARS. These new techniques open a wide range of systems to 
study, such as plasmon-mediated H2 dissociation and solar steam production, as well as 
opening new avenues for sensing applications. Ultrafast SERS techniques have great 
potential to further our understanding of plasmonic systems and elucidate mechanisms 
for plasmon-induced chemical reactions. 
  
32 
 
 
 
 
 
Chapter 3 
 
Monitoring Charge Density Delocalization upon Plasmon Excitation with Ultrafast 
Surface-Enhanced Raman Spectroscopy 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reprinted with permission from the manuscript by Emily L. Keller, and Renee R. 
Frontiera ACS Photonics 2017, 4, 1033-1039 
Copyright 2017 American Chemical Society  
33 
 
3.1 Synopsis 
Plasmonic materials hold a great deal of potential for advances in energy and chemical 
applications by converting light into chemical energy. Many of these processes are aided 
by plasmon-generated hot electrons. However, the interaction between these hot electrons 
and adsorbed molecules on a plasmonic substrate is not well understood. Using ultrafast 
surface-enhanced Raman spectroscopy, we monitor plasmon-molecule interactions in real 
time using 4-nitrobenzenethiol as a molecular probe. Upon plasmon excitation, we 
observe transient peak depletions in our ultrafast surface-enhanced Raman spectra on the 
picosecond timescale. We attribute this peak depletion to a localized surface plasmon 
resonance red shift as a result of hot electron generation in our aggregated nanoparticles. 
Once generated, the hot electrons delocalize across the aggregate. By correlating the 
magnitude of the transient Raman dynamics with the degree of electron delocalization, 
we estimate charge displacement on the order of 10
9
 electrons per aggregate. This 
indirect quantification of hot electron delocalization on aggregated nanoparticles will be 
of use in the rational design of materials for efficient plasmon-driven photochemistry. 
3.2 Introduction 
 Plasmonic materials offer many avenues for the conversion of light energy into 
other forms of energy, including chemical energy or heat. Many current applications take 
advantage of this conversion, including photovoltaics devices,
1,76,77
 photothermal cancer 
therapies,
2,78
 and photochemistry and photocatalysis.
22,44,71
 However, the direct 
mechanisms, rates, and efficiencies by which plasmons enhance these applications are 
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not well understood. To improve the efficiency and applicability of plasmon-driven 
processes, we need a better understanding of how the interaction between light and 
plasmonic materials results in various pathways of energy conversion. 
 Light energy conversion on plasmonic materials begins by shining light on the 
plasmonic material to excite a localized surface plasmon resonance. A localized surface 
plasmon resonance (LSPR) is the collective oscillation of electron density on the surface 
of a plasmonic material, which is formed upon excitation by an electromagnetic field. 
This oscillation concentrates the electromagnetic field in a small area, such as between 
gaps of two or more plasmonic nanoparticles. After excitation, the electron-electron 
scattering dampens the plasmon excitation in 10-100 fs.
9,79,80
 The electron-electron 
scattering results in electron thermalization, generating highly energetic electrons, or 
“hot” electrons, with energies ranging between the Fermi level and the work function of a 
plasmonic material.
10
 These hot electrons can either transfer to nearby molecules on the 
nanoparticle surface, potentially driving chemical processes, or they can undergo 
electron-phonon scattering, which occurs in 1-10 ps.
7,47
 Interactions between hot 
electrons and phonons lead to a hot lattice of the plasmonic material, which reaches 
equilibrium with the surrounding environment in >100 ps.
7,9
 However, experimental 
evidence for the number of hot electrons generated upon plasmon excitation as well as 
the likelihood for hot electrons to drive chemical change as opposed to transferring back 
into the plasmonic material is lacking.  
 A great deal of experimental work attempts to address how plasmon excitation 
and decay affects the plasmonic material and potential adsorbed molecules on the 
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surface. Due to the rapid timescales involved, ultrafast spectroscopic measurements are 
commonly employed. Transient absorption studies have typically focused on plasmon 
dynamics of metal nanoparticle monomers and aggregates on the picosecond and 
femtosecond timescale. Upon plasmon excitation, the plasmon resonance of the metal 
nanoparticle bleaches due to the generation of hot electrons. These hot electrons decay 
within 1 to 7 ps through electron-phonon scattering. 
49,79,81–83
 However, these 
measurements generally do not take into account potential plasmon-molecule 
interactions. Recently, plasmon-driven H2 dissociation on gold nanoparticles 
demonstrated the possible application of plasmonic materials for photochemistry.
71,72
 
Although these studies could not track the H2 dissociation mechanism on the timescale of 
plasmon dynamics, the authors hypothesized that hot electrons generated upon plasmon 
excitation drove the H2 dissociation. However, the number of hot electrons generated and 
their distribution on a plasmonic substrate is currently unknown. Further mechanistic 
studies, on the timescale of plasmon dynamics, may elucidate why these plasmonic 
photochemical processes are successful and offer insights on how they may be improved.  
 To answer these questions, we study plasmon-molecule interactions on the 
picosecond timescale using ultrafast surface-enhanced Raman spectroscopy (SERS). 
SERS is a plasmon-driven technique which enhances Raman signal by interactions 
between the laser excitation electromagnetic field and the resulting Raman scattering 
electromagnetic field with the electromagnetic field of the plasmonic material. The 
Raman signal primarily is generated from molecules in hot spot regions and thus is 
sensitive to the most active regions of the plasmonic substrate. In ultrafast SERS, 
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plasmon excitation is initiated with a femtosecond pump pulse, and the subsequent 
molecular dynamics are interrogated with a picosecond SERS probe pulse.
11
 A time delay 
between the two pulses allows us to probe the system at various times before and after 
plasmon excitation. These different time traces generate a ‘molecular movie’ of the 
examined system. Ultrafast SERS is thus a method of probing the molecular response to 
plasmon excitation on the timescale of molecular vibrations and chemical changes. Here, 
we show the plasmon-molecule interactions, which arise upon plasmon excitation, 
resulting in a change in the charge density of the nanoparticle aggregates arising from hot 
electron generation. We estimate the number of hot electrons affected per aggregate upon 
plasmon excitation and suggest possible mechanisms driving the change in charge 
density.  
 
Figure 3.1 (a) Extinction spectrum of colloidal gold nanoparticle aggregates used for 
ultrafast SERS. The inset is a scanning electron micrograph of the gold nanoparticles 
which have a diameter of 70 ± 10 nm, measured from the micrograph by ImageJ 
software. (b) SER spectrum of aggregated gold nanoparticles with 4-nitrobenzenethiol 
(black labels) and dimercaptoazobenzene (red labels) adsorbed to the surface. The 
symbols, ν, β, and π represent stretching modes, bending modes and ring breathing 
modes, respectively. The two main peaks at 1343 cm
-1
 and 1079 cm
-1 
 are associated 
with the NO2 stretch and ring breathing of the 4-nitrobenzenethiol, respectively.  
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3.3 Results and Discussion 
 The plasmonic samples used for our ultrafast SERS measurements are gold 
colloidal nanoparticles synthesized via the Frens method.
84
 The average size of the 
individual gold nanoparticles is 70 ± 10 nm, measured by SEM using ImageJ software 
(inset, Fig. 3.1a). The addition of salt (KNO3) drives the aggregation of the nanoparticles 
via electrostatic interactions, generating a sample with a broad LSPR optimized for 
Raman probing at 1035 nm. This aggregation method leads to a heterogeneous sample 
with a wide range of aggregate sizes due to the number of individual nanoparticles within 
each aggregate, shown by the extinction spectrum in Figure 3.1a. These aggregated 
particles contain reporter molecules of 4-nitrobenzenethiol (4-NBT) and 4,4’-
dimercaptoazobenzene (DMAB). The plasmon-driven conversion of 4-NBT to DMAB is 
a well-studied reaction.
85,86
 In our samples, the hot spots capable of dimerizing 4-NBT do 
so prior to our measurement when exposed to ambient light.
11
 During our ultrafast SERS 
measurements, the concentrations of 4-NBT and DMAB are essentially static and further 
irradiation does not drive any conversion of 4-NBT to DMAB. Figure 3.1b shows a 
continuous wave SER spectrum of these analytes adsorbed onto the aggregated gold 
nanoparticles. The main 4-NBT modes, denoted in black, are a ring breathing mode at 
857 cm
-1
, a ring breathing mode with additional CS stretching character at 1079 cm
-1
, 
symmetric NO2
 
stretch at 1343 cm
-1
, and CC stretch at 1578 cm
-1
. Two DMAB modes, 
shown in red, are modes with NN stretch character at 1140 and 1438 cm
-1
.
87,88
 The 
overall population of DMAB in this sample is significantly lower than 4-NBT, as can be 
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seen in the ratio between the peaks in Figure 3.1b, thus we focus our analysis on the more 
prominent 4-NBT peaks. 
 In Figure 3.2a, we present ultrafast SER spectra, which probe the ultrafast 
response of this molecular plasmonic system. The bottom spectrum is a pump-off 
spectrum, and transient spectra between -5 and +50 ps are displayed with a vertical offset. 
The transient spectra are presented as difference spectra, in which a -50 ps spectrum is 
subtracted from each time point.
11
 This subtraction procedure eliminates any pump-
induced scattering in the transient spectra, and as the pump pulse at -50 ps time delay 
comes in well after the probe pulse, the transient dynamics are preserved. 
The transient spectra show significant peak depletions, as clearly seen for the 
main vibrations in 4-NBT at 1079 and 1343 cm
-1
, corresponding to the ring breathing and 
the NO2 symmetric stretch, respectively. The depletions for all peaks are maximized 
around time zero, where both the pump and probe pulses interact with the sample at the 
same time, and decay on a picosecond timescale. 
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Figure 3.2 (a) Ultrafast surface-enhanced 
Raman difference spectra obtained upon 
excitation with 1.22 nJ of 1035 nm pump 
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pulse, resulting in a transient signal decrease 
for 4-nitrobenzenthiol modes. (b) convolved 
fit of 1079 cm
-1
 amplitudes from (a) and 
instrument response which yields a lifetime of 
2.8  ± 0.2 ps for the transient peak depletion. 
 
 We fit the peak depletions for 1079 and 1343 cm
-1
 with Gaussian lineshapes to 
track the kinetics of the transient bleach. These amplitudes are normalized to the peak 
amplitudes from the pump off spectrum to yield the values shown in Figure 3.2b. To 
obtain the lifetime for the peak depletions, we fit the amplitude fits to a convolution of an 
exponential function with the Gaussian instrument response function (Z(t)) with the 
addition of a sigmoidal function with an offset for later time points, as shown in Equation 
3.1. Here A is the amplitude of the exponential fit, τ is the decay time, t is the time, x0 is 
time zero offset, b is the Gaussian standard deviation, y is the magnitude of the offset, 
and σ is the slope of the sigmoidal function. The instrument response is the time-
dependent response function of our system and is measured by the cross correlation of 
our pump and probe beams using the optical Kerr effect in benzene. The offset at later 
time points likely arises from damage to the nanoparticles, which then no longer produce 
detectable SERS signal. However, the signal eventually recovers in >100 ps as we do not 
observe permanent signal loss in SERS signal or changes in the sample LSPR after a 
completed scan. Figure 3.2b depicts the kinetic fit for the 1079 cm
-1
 peak from Figure 
3.2a, which gives a lifetime of 2.8 ± 0.2 ps. Additional fits with lifetimes for 1079 and 
1343 cm
-1
 modes at varying pump energies and wavelengths are located in Appendix A 
with lifetimes ranging from 1 to 5 ps (Figure A2-A5). 
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Fit = [A × e
[
τ−2−(4bτ−1(t−x0))
4b
]
+
y
1+e
−t+x0
σ
] ⨂ Z(t)  (3.1) 
 Peak depletions in the ultrafast SER spectra may arise from several different 
phenomena. First, the 4-NBT peaks may become depleted upon conversion of 4-NBT to 
DMAB. However, we would expect to see positive peaks in our transient difference 
spectra for the DMAB modes, which are not observed. When the DMAB signal at 1140 
cm
-1
 is sufficiently large, the DMAB peak is also depleted in the ultrafast spectra (Figure 
A2). It is also possible that peak depletions may arise from sample degradation of either 
the analyte or the nanoparticles. However, LSPR spectra and ground state SER spectra 
taken during the experiment do not show significant signal depletion from sample 
degradation, with changes of, at most, 5% during the course of seven hours of 
experimentation. Thus, the most likely explanation for the transient peak depletions in 
our ultrafast SERS measurement are a result of a transient shift in the LSPR. SERS signal 
magnitudes are dependent on the magnitude of the LSPR at both the laser excitation 
wavelength and the Raman scattering wavelength.
89
 Based on the slope of the LSPR for 
the nanoparticle aggregates (Fig 3.1a), we can conclude that the LSPR red shifts in order 
to give rise to the peak depletion seen in the transient SER spectra. We suggest that the 
plasmon excitation drives the LSPR shift, thus the magnitude of the peak depletion 
should depend on the overlap between the LSPR and the excitation wavelength. 
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 A study on the wavelength 
dependence of the peak depletion shows 
that the magnitude of the transient 
features depends on the LSPR magnitude 
at the pump wavelength. In Figure 3.3a, 
the magnitude of the depletion becomes 
larger as the wavelength increases. This 
trend correlates to the sample LSPR 
shown in Figure 3.3b, demonstrating 
increasing plasmon resonance 
magnitudes with longer pump 
wavelengths. Thus, the LSPR shift is 
dependent on how well the excitation 
pulse couples to the nanoparticle 
aggregate population. We conclude that plasmon excitation induces a shift in the LSPR 
spectrum, which results in the peak amplitude changes in the transient ultrafast SER 
spectra on the picosecond timescale. 
 The LSPR red shifts as a result of plasmon excitation, however there are several 
possible physical explanations for the plasmon-driven shift. LSPR shifts commonly arise 
from changes in the plasmonic nanostructure shape or size.
89
 However, based on the 
ultrafast timescale of the observed SERS amplitude changes, it is unlikely that this LSPR 
shift arises from photoinduced particle shape transformations. Another possible 
 
Figure 3.3 Pump wavelength dependence 
for transient peak depletion upon plasmon 
excitation (a) Maximum peak depletion at 5 
and 15 nJ for pump wavelengths of 700, 
750, 800 and 1035 nm. (b) LSPR of 
aggregated nanoparticle sample. The 
amplitude decrease magnitude correlates to 
the LSPR magnitude suggesting a strong 
dependence on the degree of plasmon 
excitation. 
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explanation is a change in the aggregation of the nanoparticles, but it is unlikely that the 
particles could move instantaneously upon plasmon excitation as would be suggested by 
the transient signal depletion at time zero. Thus, the LSPR shift must arise from some 
change within or around the aggregate. A possible explanation is heating of the electrons 
due to plasmon excitation. Transient absorption studies on colloidal gold nanoparticles 
observed a similar LSPR bleach upon plasmon excitation.
49,79,82,90,91
 In these studies, the 
authors attribute the bleach to hot electrons produced upon plasmon excitation through 
electron-electron scattering, which leads to a non-equilibrium distribution of highly 
energetic electrons. The hot electrons lead to a broadening of the LSPR and possible 
changes to the dielectric function of the nanoparticles, resulting in a red shift of the 
LSPR.
92,93
 Thus, we conclude that the peak depletion seen in the transient SER spectra 
arises from perturbation to the electron density due to heating as a result of plasmon 
excitation. 
The kinetics of the ultrafast SERS depletion as a result of an LSPR shift support 
the assignment to hot electron generation. These hot electrons quickly relax through 
electron-phonon interactions, with a lifetime for the electron-phonon coupling ranging 
from 1 to 7 ps.
9,79
. In Figure 3.2b, the kinetic fit for the peak depletion measures the 
electron-phonon scattering lifetime, which clearly lasts for several picoseconds. 
Additional lifetime measurements for various excitation wavelengths and powers are 
presented in Appendix A with additional discussion (Table A1-A3). Our lifetime 
measurements for the electron-phonon coupling agree with transient absorption 
measurements, which agrees with an LSPR red shift driven by electron heating.  
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Additionally, the electron-phonon scattering leads to a hot metal lattice. The hot 
metal lattice causes the particle to expand, which results in a decreased charge density for 
the particle. Transient absorption measurements have shown that the decreased charge 
density also leads to a red shift of the LSPR.
79
 In SERS measurements, the hot metal 
lattice that arises from electron-phonon scattering may cause transient peak depletion 
features that persist much longer than 10 ps due to distortions of the hot spots. (Figure 
3.2a). If the nanoparticles are expanding due to heating, then the transient SER spectra 
may be showing the distortion of the hotspot due to changing distances between 
nanoparticles, leading to the transient features present in later time points. 
 To investigate the magnitude of the SERS peak depletion, we also examined the 
effect of pump energies on the ultrafast signals. Figure 3.4 shows that the transient SERS 
bleaching magnitude increases linearly with increasing pulse energy. Figure 3.4a 
corresponds to data collected at a laser repetition rate of 2 MHz and shows peak depletion 
magnitudes increasing linearly between 15 and 75 nJ. Figure 3.4b corresponds with data 
collected at a laser repetition rate of 24.5 MHz with pulse energies below 6 nJ. The error 
bars account for differences across multiple samples measured at each pump power and 
are the standard deviation for the averaged percent amplitude decrease. Larger variance 
in error bars at higher pump energies arise from larger backgrounds for some of the 
spectra due to excess scattering from the pump beam. The peak depletion magnitudes 
show a linear dependence on pulse energy at both repetition rates, which suggests a one 
photon process. 
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Figure 3.4 Power dependence at 1035 nm, maximum amplitude decrease vs pump pulse 
energy at (a) 2 MHz and (b) 24.5 MHz The power dependence is linear suggesting a one-
photon process for plasmon excitation.  
 In Figure 3.4b, at pump pulse energies above 4 nJ, the peak depletion dependence 
on power changes, appearing to reach a saturation point. This saturation point may imply 
that there is a limited number of plasmon excitations that a given plasmonic nanoparticle 
aggregate can support. We can use the magnitude of the LSPR shift to approximate this 
threshold after making several assumptions, which are detailed further in Appendix A. 
First, the plasmonic nanoparticle aggregate is resonant at 1035 nm with an estimated 
radius of ~150 nm from Mie scattering, which based on random packing of spheres 
within a sphere
94
 would suggest that ~50 Au nanoparticle monomers of an average radius 
of 35 nm are associated with one aggregate. This is an ensemble-averaged approximation. 
Then, we determine the number of photons per pulse from the pump energy at the 
saturation point and the repetition rate of the laser. Using this value, we estimated the 
number of photons per aggregate from the concentration of aggregates in the irradiated 
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volume. The sample concentration was determined by comparing the monomer peak in 
the aggregated sample extinction spectra to a calibration curve generated from the 
extinction spectra of the monomer Au nanoparticles at various known concentrations 
(Figure A6). At this point, we also assume that there is a possibility of plasmon re-
excitation during one pulse interaction, due to the long pulse duration relative to the 
plasmon lifetime. However, we also must take into account the refresh rate of the 
aggregates moving in to and out of the irradiated volume, since these are solution phase 
samples that are stirred. Based on our sample concentration, laser spot size, and the 
spinning of the stir bar, we assume the nanoparticles in the spot size refresh between 
pulses at a rate of 1-8 particles/pulse. From these calculations, we estimate that up to 10
11
 
photons drive plasmon excitation in a single gold nanoparticle aggregate before 
saturation. Any additional photons do not lead to an increase in plasmon excitation 
magnitude. Due to the heterogeneity of the sample, we only report an order of magnitude 
for these values due to the number of assumptions made in this estimate. This 
surprisingly large estimate suggests that it should be possible to generate a large 
population of hot electrons even if the quantum efficiency for hot electron generation in 
these aggregates is low.  
As the pump energy increases, we expect the thermal distribution of the electrons 
to increase. Before excitation, some of the conduction electron density extends beyond 
the physical nanoparticle. As the temperature of the electrons becomes elevated, the 
electron density is expected to extend even further from the particle and is distributed 
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unevenly across the aggregate volume.
10,95
 This increased charge delocalization results in 
a red shift of the LSPR.
96,97
  
We can use the magnitude of the LSPR shift, as seen in our ultrafast SERS 
measurements in conjunction with previous electrochemical measurements of plasmon 
bleaching, to estimate the magnitude of charge density delocalization. Electrochemical 
tuning of plasmonic nanoparticles drives LSPR shifts by adding or removing charge 
density from a plasmonic nanoparticle by scanning across the potential in an 
electrochemical cell. These studies show a transient LSPR shift arising from a change in 
the charge density of the nanoparticles.
98–100
 When charge density increases in the 
nanoparticles, the LSPR blue shifts and when the charge density decreases, the LSPR red 
shifts.
97
 In the case of our measurement, we drive the LSPR shift photochemically by 
plasmon excitation instead of electrochemically. Thus, we can use the magnitude of the 
LSPR shift, measured by the peak depletion in the transient SER spectra at the saturation 
point in Figure 3.4b, to determine the degree of charge delocalization. While majority of 
SERS signal comes from a rather small percentage of molecules in the high field 
region,
13
 our measurements probe an ensemble of hot spots of various intensity. In 
previous ensemble measurements, the enhancement factors for these systems are linearly 
related to the LSPR magnitude,
101
 which would suggest that comparing the LSPR 
magnitude to our ensemble SERS signal is reasonable.  
To estimate the degree of charge density change from the transient LSPR shift, we 
must make several approximations. Further details for this approximation, based on 
electrochemical models, are presented Appendix A. At the saturation point in Figure 
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3.4b, the SERS magnitude decreases by 10%, which we assume corresponds to a 10% 
decrease in the LSPR magnitude, based on ensemble-averaged SERS measurements.
101
 
From the charge density modeling for electrochemically driven LSPR shifts,
96
 we 
estimate that the charge density change experienced in our system is approximately 0.7%, 
based on the LSPR magnitude change between 1035 to 1200 nm. Based on size estimates 
of our aggregates and the number of Au nanoparticle monomers which comprise them, 
we estimate that approximately 10
11
 conduction electrons are associated with a single 
aggregate. Thus, this charge density change results in the displacement of on the order of 
10
9
 free electrons. The modeling of the electrochemical system suggests that majority of 
the charge density change occurs at or near the surface of the nanoparticles.
97
 For 
optically excited nanoparticles, theoretical modeling shows hot carriers distributed across 
a nanoparticle with an increased concentration of hot electrons at or near the surface after 
plasmon excitation compared to the pre-excited system.
10
 Based on these electrochemical 
measurements and modeling, the charge density change may be localized along the 
surface of the nanoparticle, potentially leading to a probability of charge-transfer with 
adsorbed molecules. Future work could provide additional support for transient charge 
delocalization resulting in an LSPR shift. Ultrafast SERS measurements in which the first 
solvent shell is resonantly enhanced could provide a direct measurement of charge 
transfer to nearby solvent molecules.  Additionally, ultrafast electron microscopy or 
cathodoluminescence may enable direct probing of wavefunction delocalization, along 
with fully quantum mechanical calculations which include explicit solvent and analyte. 
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We hypothesize that the transient SERS depletion features observed here result 
from a shift in the LSPR intensity due to charge delocalization. Thus, the electronic 
wavefunction of the plasmonic aggregate must spread to nearby adsorbate or solvent 
molecules. We do not directly observe frequency shifts in the probed adsorbates with the 
ultrafast SERS measurements. These frequency shifts may not arise if the added charge to 
each adsorbed molecule is so small that there is no detectable shift. Additionally, as the 
majority of the SERS signal results from a small fraction of adsorbates,
102
 the newly 
delocalized charge may not interact with the molecules giving rise to the SERS signal, 
perhaps interacting instead with other adsorbates or surrounding solvent molecules. 
Future work could provide additional support for transient charge delocalization resulting 
in an LSPR shift. Ultrafast SERS measurements in which the first solvent shell is 
resonantly enhanced could provide a direct measurement of charge transfer to nearby 
solvent molecules.  Additionally, ultrafast electron microscopy or cathodoluminescence 
may enable direct probing of wavefunction delocalization, along with fully quantum 
mechanical calculations which include explicit solvent and analyte. 
3.4 Conclusions 
 Using ultrafast SERS, we observed transient peak depletions following plasmon 
excitation of aggregated gold nanoparticles with adsorbed 4-NBT. The transient peak 
depletions arise from a plasmon-driven shift in the LSPR spectrum. This LSPR shift is 
caused by hot electrons, which are generated upon plasmon excitation. These hot 
electrons may cause the LSPR shift through their uneven distribution on the surface of 
the nanoparticles, charge-transfer between the hot electrons and adsorbed molecules, or 
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electron-phonon interactions, which heat the metal lattice. By determining the magnitude 
of the LSPR shift, we estimated a surprisingly large number of photons drive plasmon 
excitation, which may result in a significant magnitude of delocalized charges. From 
these indirect measurements, we describe how the charge delocalization driven by 
plasmon excitation arises from hot electron generation, which may be used to increase the 
efficiency of many plasmon-driven applications. 
3.5 Methods 
 The instrumentation used for ultrafast SERS measurements is similar to that 
previously described.
11
 Incident 220 fs at 1035 nm with a repetition rate of 24.5 MHz at 
20.5 W output (Clark-MXR Impulse) was split to generate the pump and probe beams. 
The picosecond probe pulse was generated by sending 6 W of the incident beam into a 
spectral filter which contains a transmission grating to disperse the beam and a 100 mm 
focal length cylindrical lens to collimate the beam and send it to a slit. The spectral width 
of the probe is 12.6 cm
-1
, measured from the 801 cm
-1
 peak of cyclohexane. Pump 
wavelengths used for excitation were 700, 750, 800, and the fundamental wavelength of 
1035 nm. For wavelengths other than 1035 nm, a commercial NOPA (Clark-MXR) 
generated the pump beam from the Impulse output with a repetition rate of 2.04 MHz at 
16 W. The bandwidth of the NOPA output at 700 nm, 750 nm and 800 nm was 16 nm, 28 
nm and 50 nm, respectively. Unwanted NIR wavelengths from the NOPA output were 
removed by placing two 950 nm shortpass filters before the sample. The time delay 
between the pump and probe pulses was controlled by delay stage (Newport XMS50) in 
the pump path to obtain different time points during an experiment. The probe and pump 
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beams were focused onto the sample by a 100 mm focal length achromatic lens. After the 
sample, the spontaneous Raman signal was collimated by a 60 mm focal length lens with 
830 and 850 nm longpass filters in place to reduce pump beam transmission. Any 
remaining fundamental from the Raman signal was removed by a 1064 nm Raman filter 
directly before the spectrograph. The Raman signal was focused onto a spectrograph 
(Princeton Instruments, 2300i), with a 600 gr/mm, 750 nm blaze grating by a 100 mm 
focal length achromatic lens. A 1024 pixel, liquid nitrogen cooled InGaAs array 
(Princeton Instruments, PYLON-IR 1.7) was used for detection. For measurements with 
NOPA excitation, all the collection optics were 2” in diameter to maximize the detected 
solid angle. All data collection was performed via home-made Labview program.  
Samples were prepared by concentrating 3 mL of as-synthesized colloidal gold 
nanoparticles, following the Frens method,
84
 to a 50 µL aliquot and adding 70 µL of a 
saturated aqueous solution of 4-nitrobenzenethiol. The nanoparticles were aggregated by 
adding 330 µL of an aqueous solution of potassium nitrate with concentrations ranging 
from 0.0318 M to 0.0454 M. Once prepared, the sample was transferred to a 2 mm quartz 
cuvette. Samples were stirred throughout the course of the experiment to refresh the 
sample in the spot size and to minimize precipitation of the aggregated particles. 
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Ultrafast Nanoscale Raman Thermometry Proves Heating Is Not a Primary 
Mechanism for Plasmon-Driven Photocatalysis 
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4.1 Synopsis  
Plasmonic materials efficiently convert light to various forms of energies for many 
applications, including photocatalysis, photovoltaics, and photothermal therapies. In 
particular, plasmonic photocatalysts hold incredible promise for highly selective sunlight-
driven catalysis through the generation of highly energetic holes and electrons used to 
drive chemical reactions. However, plasmons are also known to generate heat, and the 
partitioning of photoexcitation energy into hot carriers and heat on molecularly-relevant 
timescales is not well understood, yet plays a crucial role in designing and understanding 
these photocatalysts. Using an ultrafast surface-enhanced Raman thermometry technique, 
we probe the effective temperature, equivalent to the mode-specific increase of 
vibrational kinetic energy, of molecules adsorbed to gold nanoparticle aggregates in the 
most active hot spots on the picosecond timescale of chemical reactivity. This represents 
the first measurement of vibrational energy deposition for coupled molecular-plasmonic 
systems on the picosecond timescale of molecular motion. We find that upon plasmon 
excitation, the adsorbates in the hot spots undergo an initial energy transfer within several 
picoseconds that changes the effective temperature of the system by less than 100 K, 
even at peak flux values 10
8
 times stronger than focused sunlight. The energy quickly 
dissipates from the adsorbates into the surroundings in less than 5 ps, even at the highest 
values of photoexcitation. This surprisingly modest energy transfer of the most active 
regions of the plasmonic materials on the ultrafast timescale decisively proves that most 
plasmonic photocatalysis is not primarily thermally driven.  
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4.2 Introduction 
Plasmonic materials convert light into various forms of energy, which can be used 
for processes as varied as driving chemical reactions, heating the surrounding 
environment, and increasing scattering efficiency. These efficient plasmon-driven energy 
conversions
5,44
 have led to advances in many different applications including CO2 
reduction,
103,104
 water splitting,
22,105
 water purification,
74
 cancer therapies,
2,106
 and 
photovoltaic devices.
1
 However, a molecular-level picture of the mechanism of these 
processes is generally unknown, and requires a quantitative understanding of how 
plasmon energy can be rapidly converted into other forms. Plasmons are generated when 
excitation with resonant light generates a collective oscillation in the electron density of a 
plasmonic material. The oscillation confines the electromagnetic field into a small area, 
typically between two or more nanostructures, generating a hot spot.
13
 Plasmons decay on 
very rapid timescales, leading to the generation of hot carriers and heating of the local 
environment in the first femtoseconds and picoseconds after photoexcitation. However, it 
is unclear what mechanisms govern the partitioning of energy into hot carriers, heating, 
or electric field enhancement and how they can be tailored to maximize the efficiency of 
a desired plasmon-driven process.
7
  
In particular, heating may affect the efficiency of these plasmon-driven 
applications. Catalytic processes can exhibit significant rate and/or yield increases with 
increased temperature. For example, the Haber-Bosch process to synthesize ammonia 
from N2 and H2 shows yield increases of 15% when increasing the temperature from 350 
to 450 degrees Celsius.
107
 Given that the temperature experienced by molecules in a 
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plasmonic hot spot has not been previously determined, it is unknown to what extent 
localized temperature increases contribute to recent reports of plasmon-powered 
catalysis. Previous studies of various plasmon-driven reactions demonstrated the 
differences between the product yield of the light-driven process as compared to a 
thermal-driven process.
71,108,109
 However, these comparisons did not allow for the control 
or measurement of localized heating near the reaction sites, which can differ from the 
heating of the overall sample.
110
 Given that the temperature of electron gases in metals 
can reach 100s to 1000s of Kelvin, it is possible that heating could play a significant role 
in increasing the rate of catalysis in a plasmonic hot spot.
104
 If plasmonic photocatalysis 
is primarily a result of increased localized temperatures, experimental optimization of 
reaction selectivity would be much more challenging than if alternative mechanisms, 
such as hot carrier transfer, are predominantly responsible for the chemical reactivity. 
Clearly, there are a wide range of possible temperatures in plasmonic hot spots, which 
may affect how each of these plasmon-driven processes work.  
To determine the temperature increase following plasmonic excitation, previous 
studies have used techniques such as thermocouples,
74,111,112
 IR cameras,
103,113
 and 
various optical thermal microscopy methods.
114
 These methods provide valuable 
information about how heat dissipates across these structures and how that affects the 
temperature of the surroundings. However, these techniques are ensemble measurements 
and do not measure the localized heating in hot spots, which are the sites responsible for 
plasmonic catalysis.
11
 Techniques with higher spatial resolution, as well as selectivity for 
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the hot spots, are needed to monitor the temperature where the plasmonic photochemistry 
is actually occurring.
115
  
Raman spectroscopy can be used to measure molecular temperatures by 
comparing the mode-specific relative intensities of Stokes and anti-Stokes 
scattering.
116,117
 Surface-enhanced Raman spectroscopy (SERS) is a plasmon-enhanced 
Raman technique with high selectivity for the most active regions on a plasmonic surface. 
Boerigter et al. used steady-state SERS to examine the differences in temperature 
between metal nanoparticles and adsorbed molecules and how the effective coupling 
between the plasmon and adsorbates results in efficient energy transfer to drive chemical 
transformations.
8
 To more closely examine molecular heating in plasmonic hot spots, 
Pozzi et al. measured the temperature of single molecules in plasmonically active hot 
spots and found that the variance between the wavelength dependent enhancement in the 
hot spots greatly affected the measurements.
118
 These studies demonstrate the power of 
SERS to examine heating within plasmonic hotspots, but they lack the temporal 
resolution necessary to probe dynamics on the timescales most relevant to plasmonic 
photocatalysis.  
In considering how heating might play a role in driving plasmonic photocatalysis, 
the relevant timescale to monitor is the ultrafast timescale of bond-breaking and –making 
processes.
58,119
 By adding energy to vibrational modes, it is possible to selectively break 
bonds,
120
 but molecules are extremely effective at rapidly dissipating energy through 
processes such as intramolecular vibrational redistribution (IVR) or by transfer of energy 
through the solvent on the picosecond timescale. Additionally, the partitioning of energy 
58 
 
into heat and hot carriers in plasmonic systems occurs on a very rapid timescale.
10
 Upon 
photoexcitation, plasmons undergo plasmon damping and electron thermalization within 
1-100 fs, generating hot carriers. The hot carriers scatter off the phonons in the metal 
lattice between 1-10 ps, which generates a hot metal lattice that eventually cools after > 
100 ps.
7–9
 To definitively determine how significant heating is to driving photochemical 
reactions on plasmonic surfaces, measurements on the ultrafast timescale are crucially 
needed. 
4.3 Results and Discussion 
 Here we use ultrafast Raman thermometry to quantify the degree of energy 
deposition from photoexcited plasmons into molecular adsorbates. Obviously, on 
ultrafast timescales the system is not at equilibrium and temperature is not a relevant 
term, but we apply a similar analysis to obtain what we define as an effective 
temperature, which indicates the amount of energy deposited into each vibrational mode, 
equivalent to the time-dependent vibrational kinetic energy. By measuring Stokes and 
anti-Stokes Raman spectra as a function of time, we calculate the mode-specific change 
in vibrational energy using a Boltzmann distribution analysis, as described by Equation 
4.1:
117,121
 
Effective Temperature (K) =
−Energy of Vibration (J)
kb∗ln(
Intensityanti−Stokes
C∗IntensityStokes
)
  (4.1) 
where C equals ((ωL+ωvib)/( ωL-ωvib))
4
, which describes the wavelength dependence of 
Raman scattering based on the excitation frequency (ωL) and the corresponding 
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vibrational mode frequency (ωvib). From this analysis, we are unable to obtain absolute 
temperatures for the non-equilibrium system, however we can compare the relative 
changes in effective temperature or energy deposition over the course of the measurement 
as well as between different modes. Using the Boltzmann distribution to estimate 
temperatures from Raman spectra is widely applicable across the field of Raman 
spectroscopy.
121–123
 Equation 4.1 does not account for any possible chemical 
enhancement differences between the anti-Stokes and Stokes Raman features. We assume 
there is no contribution from new electronic states at 1035 nm due to the separation 
between the absorption band of the analytes and the excitation wavelength for these 
experiments. Based on shifts in the electronic states observed in other studies,
124
 it is 
unlikely that a new electronic state would shift so far from the original electronic state. 
 To probe the effective temperature in the most active regions of plasmonic 
photocatalysts, we use ultrafast surface-enhanced Raman spectroscopy (SERS), which is 
selectively sensitive to the hottest hot spots.
11,12
 The scheme in Figure 4.1a describes the 
experimental set-up. We photoexcite the plasmonic sample with a femtosecond pump 
pulse, centered at 1035 nm or doubled though second harmonic generation to 518 nm. 
We use a picosecond Raman probe pulse at various time delays to give a SER spectrum 
of the molecules adsorbed in the hot spots on the aggregated nanoparticles. We collect 
anti-Stokes and Stokes signal, which leads to an effective temperature measured at each 
time point for each vibrational mode. This approach provides the inherent surface 
selectivity and appropriate temporal response to definitively quantitate thermal increases 
of molecular adsorbates on plasmonic surfaces. 
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Figure 4.1 (a) Scheme depicting ultrafast Raman thermometry of plasmonic 
photocatalysts. Using a femtosecond pump pulse, we excite the plasmon and then obtain 
Stokes and anti-Stokes surface-enhanced Raman spectra using a picosecond probe pulse 
at various time points during this process.
7–9
 (b) Extinction spectrum of the aggregated 
colloidal gold nanoparticle sample with adsorbed 4-nitrobenzenethiol. The inset is a 
scanning electron micrograph of the gold nanoparticles for which the monomers have an 
average diameter of 80 ± 30 nm. 
 In Figure 4.1b, we show an extinction spectrum of colloidal gold nanoparticles 
aggregated by electrostatic interactions driven by the addition of a 0.04 M aqueous 
solution of potassium nitrate (Figure B1). The aggregated samples are quite 
heterogeneous, as shown by the broad plasmon resonance response in the NIR region of 
the spectrum, with many different types of plasmonic interactions providing surfaces with 
a range of enhanced electric field magnitudes.
125
 The analyte for our ultrafast SERS 
measurements is 4-nitrobenzenethiol (4-NBT) and trans-1,2-bis(4-pyridyl)ethylene, 
which adsorbs to the surface of the nanoparticles. 4-NBT can undergo plasmon-driven 
dimerization to dimercaptoazobenzene (DMAB),
85,86
 which is present to a minor degree 
in our samples. However, our samples do not undergo additional reactions during our 
spectroscopic measurements and the populations of 4-NBT and DMAB remain 
steady.
11,12
 The inset of Figure 4.1b is a scanning electron micrograph of the colloidal 
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gold nanoparticles with an average monomer diameter of 80 ± 30 nm, as measured by 
ImageJ software.  
   
Figure 4.2 Ultrafast surface-enhanced (a) anti-Stokes and (b) Stokes Raman spectra of 4-
nitrobenzenethiol adsorbed to colloidal gold nanoparticles with 50 W/cm
2
 
photoexcitation flux and 250 W/cm
2
 probe flux. Spectra are offset for clarity. 
 Figure 4.2 shows ultrafast SER spectra obtained at 1035 nm with 50 W/cm
2
 
photoexcitation flux, which corresponds to a peak power of 8 MW/cm
2
 (Table B1 & B2). 
For reference, experiments using focused sunlight typically have photoexcitation fluxes 
of 0.1 W/cm
2
.
3
 The pump-on spectra (denoted in green) are offset from the pump-off 
spectrum (black) after scaling each spectrum. Figure 4.2a shows the anti-Stokes spectra 
and Figure 4.2b shows the Stokes spectra, with the Stokes spectra approximately 40 times 
larger than the anti-Stokes spectra as indicated by the scale bars in the upper left corners. 
The changes between the transient pump-on spectra are relatively minor and are not 
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obvious upon initial inspection of the data. These small changes suggest that the effective 
temperature change between each time point is small relative to the vibrational 
frequency. 
 To quantify the effective temperature at various time points, we fit the 1079 cm
-1
 
peak in Figure 4.2 to a Gaussian function to extract the amplitude. We use the peak 
amplitudes from the anti-Stokes and Stokes spectra in Equation 4.1 to obtain effective 
temperatures at every time point. To account for wavelength dependent enhancement, 
which arises in SERS from the plasmon resonance of the sample,
101
 we normalize the 
peak amplitudes at each time point before calculating the effective temperature. Further 
details for these calculations can be found in the Methods. 
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Figure 4.3 Energy distribution at varying pump excitation fluxes (a) with cross-polarized 518 nm 
excitation for 1079 cm
-1
 mode in 4-nitrobenzenethiol adsorbed to gold nanoparticle aggregates. The 
adsorbates have a baseline effective temperature due to the interaction with the picosecond probe 
pulse used to obtain surface-enhanced Raman spectra. Energy distribution at varying pump 
excitation fluxes (b) with 1035 nm excitation for 1079 cm
-1
 mode in 4-nitrobenzenethiol adsorbed 
to gold nanoparticle aggregates. The magnitude of energy deposited into the 1079 cm
-1
 mode is 
relatively modest considering the strong pump fluxes used. Inset is representative of an ensemble. 
 In Figure 4.3, we plot the effective temperatures from -5 to 25 ps for two different 
pump wavelengths at 518 nm and 1035 nm excitation, along with the instrument response 
with respect to time as measured by the optical Kerr effect in toluene. Figure 4.3 also 
depicts the instrument response with respect to temperature, as measured by a sample 
containing aggregated gold nanoparticles in isopropyl alcohol with no adsorbate while 
monitoring the 818 cm
-1
 peak in isopropyl alcohol. The solvent response shows minimal 
sample heating arising from the high power laser pulses and lacks any time dependent 
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features, illustrating the importance of surface-specific probing for plasmonic 
thermometry measurements.  
In Figure 4.3a, we display ultrafast Raman thermometry values for a control 
experiment, in which photoexcitation does not lead to energy transfer to molecular 
adsorbates. This allows us to quantitatively determine the temperature change caused by 
the SERS probing process. In this experiment, the pump excitation at 518 nm is 
orthogonally polarized relative to the 1035 nm probe. Thus, these two beams can excite 
and probe different regions on the plasmonic nanoaggregate surface, depending on how 
efficiently they couple to longitudinal or transverse plasmon modes. In these cross 
polarized measurements, the probed adsorbates do not undergo a transient effective 
temperature change that is dependent upon pump excitation. If we simplify the 
aggregated sample to a dimer model, as shown in the inset of Figure 4.3a, the probe beam 
interacts with adsorbates located between the two particles, which we refer to as the 
longitudinal plasmon mode. The cross polarized 518 nm pump excitation excites the 
transverse plasmon mode, which interacts with a different subset of adsorbates on the 
nanoparticle surface. When this mode is excited, the energy is not as strongly localized to 
the probed hot spot spatial region (inset of Figure 4.3a), and thus we see essentially no 
photo-induced changes in molecular effective temperature attributed to the pump 
excitation. As can be seen in Figure 4.3a, the adsorbates undergo 70 K increase due to the 
SERS probing process compared to the solvent response for this instrument. Figures 4.3a 
and b were obtained with different samples showing slightly different baseline values 
(345 K and 360 K, respectively). All measured samples showed baseline values between 
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340 K and 370 K, with small variations likely resulting from differences in the hot spot 
density within the sample. 
 In Figure 4.3b, the photoexcitation is on resonance with the longitudinal mode, 
and photoexcitation of this mode results in nano-focusing of the light between the 
nanoparticles, in the same area as the probed adsorbates, as depicted schematically in the 
inset of Figure 4.3b. Thus we see a transient increase in effective temperature upon 
plasmon excitation at 1035 nm that scales linearly with pump flux. The effective 
temperature increases very rapidly after photoexcitation, and likely results from energy 
transfer during the electron thermalization time of the plasmonic nanoparticles. At the 
highest flux, the change in effective temperature as a response to photoexcitation remains 
below 100 K. While these measurements are ensemble measurements of many 
nanoparticle aggregate hot spots, the SERS signal we measure comes from a very small 
percentage of the most active hot spots.
102
 Thus, the hot spots, which yield the highest 
SERS signal, correspondingly have the greatest temperature change, giving an upper 
limit for temperature increases in the substrates of less than 100 K. 
 From the power dependence in Figure 4.3b, we estimated the thermal contribution 
for several examples of plasmonic photocatalysis reported in the literature (Table B3). To 
make these estimates, we compare the peak power of our pulsed laser to the continuous 
wave laser power of the literature examples. We also assume that the plasmonic heating 
is linear across the range of photoexcitation powers in our experiments and the examples 
from the literature based upon the linear power dependent response we observed (Figure 
B2). Due to the number of assumptions made in these extrapolations, we report only an 
66 
 
order of magnitude for the scattering-induced plasmonic thermal contribution. Additional 
details about these estimates can be found in Appendix B. For ethylene epoxidation and 
acetylene hydrogenation,
4,109
 the scattering-induced plasmonic thermal contribution is ~1 
x 10
-7
 K and ~1 x 10
-5
 K, respectively. For H2O splitting,
105
 the thermal contribution is 
slightly higher at 0.01 K. Clearly, the thermal contribution for these plasmon-driven 
reactions is not significant. These estimates agree with previous literature which 
suggested but did not prove that heating contributions in these systems only become 
significant with sufficiently high peak powers.
110
 Thus, we conclude the existing reports 
of plasmonic photocatalysis are not significantly affected by temperature-dependent rate 
or yield increases for photoconversion. These systems must rely upon hot carrier transfer 
to the adsorbates to drive the reaction, and thus have the potential for much higher 
chemical selectivity than heating alone, as has been seen in plasmon-driven acetylene 
hydrogenation.
4
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Figure 4.4 Energy distribution of various modes (a) of 4-nitrobenzenethiol adsorbed to 
gold nanoparticle aggregates with 1035 nm excitation at 200 W/cm
2
. (b) Comparison of 
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effective baseline temperature (dark shading) and transient temperature change (lighter 
shading) relative to room temperature for three modes of 4-nitrobenzenthiol. The degree 
of heating depends on the coupling of each mode with the plasmon resonance. (c) Energy 
distribution of various modes of trans-1,2-bis(4-pyridyl)ethylene adsorbed to gold 
nanoparticle aggregates with 1035 nm excitation at 200 W/cm
2
. (d) Comparison of 
effective baseline temperature (dark shading) and transient temperature change (lighter 
shading) relative to room temperature for two modes of trans-1,2-bis(4-pyridyl)ethylene. 
Similar to 4-nitrobenzenethiol, a modest deposition of energy into adsorbed trans-1,2-
bis(4-pyridyl)ethylene occurs upon photoexcitation. 
While the role of scattering-induced heating in plasmonic photocatalysis is 
minimal, we are also interested in how energy moves through the adsorbates and whether 
energy is preferentially deposited in certain modes and how this may impact plasmonic 
photocatalysis. Figure 4.4a depicts the heating response for three different modes in 4-
NBT excited with 200 W/cm
2
 pump flux at 1035 nm. The three modes are 1079 cm
-1
, 
1340 cm
-1
, and 1578 cm
-1
, which correspond to the ring breathing, NO2 symmetric 
stretch, and carbon double bond stretch, respectively.
12
 The baseline temperature of each 
mode varies due to different coupling with the plasmon. Modes that are highly coupled to 
the plasmon resonance receive greater energy deposition upon excitation. In Figure 4.4b, 
we compare the baseline effective temperature and the corresponding transient 
temperature change of each mode relative to room temperature (294 K). The darker bars 
represent the baseline effective temperature for each mode that arises due to the SERS 
probing process and the lighter bars on top represent the transient temperature change 
that occurs upon photoexcitation. The 1340 cm
-1
 mode, which corresponds to the 
symmetric NO2 stretch, couples strongly with the plasmon and receives the most energy 
as seen by the baseline temperature. The 1079 cm
-1
 and 1578 cm
-1
 modes, which 
correspond to vibrations of the bonds associated with the benzene ring of 4-NBT, have a 
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similar thermal contribution to each other (Figure 4.4b). In our measurement, each mode 
of the adsorbate appears to receive energy on the same timescale, although, they are 
heated to different degrees.  
A key advantage of the ultrafast approach to monitoring energy flow is the ability to 
extract time constants for energy dissipation. In these systems, the energy transferred into 
vibrational modes dissipates extremely quickly. The time constants for the fits in Figure 
4.3b range from 2-5 ps where energy is transferred very quickly to and from the 
adsorbates. In a flash heating experiment of 4-NBT on a flash-heated gold surface, they 
observed a similar time constant of ~3.5 ps for the initial energy transfer to the 
adsorbates. At later time points, their system reaches a plateau that lasts for >200 ps and 
does not return to the starting value due to disorder in the self-assembled monolayer of 
their adsorbate on the heated gold surface.
126
 However, in our measurements, the energy 
dissipates very rapidly, and at all powers has returned to baseline by 5 ps. In solution 
phase studies of a similar analyte, nitrobenzene, intramolecular vibrational relaxation 
(IVR) occurred within 2 ps after excitation of a particular mode.
127
 If the adsorbates in 
our system return to baseline after 2-5 ps, then if IVR does occur in this system, then it 
may occur on faster timescales when the analyte is adsorbed to a plasmonic substrate than 
in solution. With the time resolution of our instrument, we are unable to resolve any IVR 
that may occur upon initial excitation of the system. 
 In addition to following the energy partitioning into various modes within a 
molecule, we can also examine how plasmon-induced heating may change with different 
70 
 
analytes. In Figure 4.4c, we measured the plasmonic heating for trans-1,2-bis(4-
pyridyl)ethylene adsorbed to the surface of the gold nanoparticle aggregates using our 
ultrafast Raman thermometry technique (Figure B3). As seen previously, the SERS 
probing process results in an elevated baseline effective temperature from the solvent 
response due to excitation of the plasmon that occurs from the picosecond probe pulse 
(Figure 4.4d). Upon 1035 nm pump excitation at 200 W/cm
2
, the adsorbates undergo a 
similar transient effective temperature increase as observed with 4-NBT. The effective 
temperature of each mode increases upon photoexcitation of the plasmon and once the 
pump pulse no longer interacts with the sample, the system returns to the baseline 
effective temperature within 5 ps. The variation between the baseline effective 
temperatures and the transient temperature change upon photoexcitation between the two 
molecules may arise from the different coupling of each molecule with the plasmon.  
4.4 Conclusions 
 Here we used ultrafast SERS to measure the time-dependent effective 
temperature, equivalent to the vibrational kinetic energy, increase of adsorbates in the hot 
spots upon excitation of the longitudinal and the transverse plasmon modes. Ultrafast 
nanoscale Raman thermometry is a technique that allows for the measurement of 
localized heating directly in the most chemically reactive hot spots, acting as a nanoscale 
probe of vibrational energy deposition on the ultrafast timescale of chemical reactions. 
We find that energy deposited into molecular adsorbates very rapidly depletes, and the 
temperature increase is on the order of tens of Kelvin, even for extremely high 
photoexcitation values. Our quantification of localized heating of adsorbates in the hottest 
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and most active hot spots confirms that plasmon-driven chemistry is not thermally driven. 
Thus, hot carrier charge transfer to adsorbed reactants must play a key role in plasmon-
driven chemical reactions, which is promising for applications in highly selective 
chemical catalysis. 
4.5 Methods 
 Sample Preparation. Gold nanoparticles were synthesized following the Frens 
method.
84
 The detailed synthesis is described in Appendix B. Samples for ultrafast 
nanoscale Raman thermometry measurements were prepared by centrifuging 3 mL as-
synthesized gold nanoparticles until a pellet is formed and removing 2.95 mL of the 
supernatant. The gold nanoparticles were then aggregated through electrostatics by either 
adding 330 µL of 0.044 M aqueous potassium nitrate and 70 µL of saturated aqueous 4-
nitrobenzenethiol or 350 µL of 0.032 M aqueous potassium nitrate and 50 µL of 0.18 mM 
trans-1,2-bis(4-pyridyl)ethylene dissolved in ethanol. Additional details can be found in 
Appendix B. 
 Ultrafast SERS Instrumentation. A detailed description of the instrument has 
been published previously.
12
 In brief, <250 fs laser pulses, from a fiber amplifier (Clark 
MXR, Impulse) centered at 1035 nm, were split with a 50:50 beam splitter to make pump 
and probe pulses. The picosecond probe beam was generated by sending 6 W of the 
fundamental through a spectral filter, where the beam was sent through a transmission 
grating and focused onto a slit. The pump beam for the cross-polarized 518 nm 
measurements was generated by focusing 3 W of the fundamental onto a 3 mm BBO 
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crystal. For the 1035 nm pump measurements, a portion of the fundamental was used 
without further modification. The pump beam was sent onto a motorized stage to vary the 
time delay between the pulses. After the sample, the spontaneous Raman signal was 
focused into a spectrograph (Princeton Instruments, 2300i) equipped with either a 600 
gr/mm grating blazed at 750 nm or a 300 gr/mm grating blazed at 1 µm. The signal was 
then focused onto a liquid N2 cooled 1024 pixel InGaAs array (Princeton Instruments, 
Pylon-IR 1.7). A 1064 nm Raman edge filter before the spectrograph was used to collect 
Stokes spectra, while a 1000 nm short pass filter was used for collecting the anti-Stokes 
spectra. Additional details about the set-up and data collection can be found in Appendix 
B. 
Calculating Effective Temperatures. We have rewritten the Boltzmann distribution in a 
more useful form for our measurements as follows: 
Effective Temperature (K) =
−Energy of Vibration (J)
kb ∗ ln (
Intensityanti−Stokes
C ∗ IntensityStokes
)
 
where C equals ((ωL+ωvib)/( ωL-ωvib))
4
, which describes the wavelength dependence of 
Raman scattering based on the excitation frequency (ωL) and the corresponding 
vibrational mode frequency (ωvib). 
Obviously, the Boltzmann distribution applies only to systems at equilibrium, and does 
not apply to picosecond timescale dynamics. Thus, we use the term “effective 
temperature” to describe the energy distribution in the system obtained by this analysis. 
This value quantifies the mode-specific energy deposition in the system, equivalent to the 
73 
 
increase in vibrational kinetic energy. Each peak is fit to a Gaussian function to extract 
the amplitude. We use the peak amplitudes from the anti-Stokes and Stokes spectra in the 
above equation to obtain effective temperatures for each mode at every time point. The 
analysis in Figure 4.3 uses amplitudes from the intense 1079 cm
-1
 mode of 4-NBT. 
To account for wavelength dependent enhancement, which arises in SERS from the 
localized surface plasmon resonance (LSPR) of the sample,
128
 we take the Raman 
amplitudes and divide by the extinction of the LSPR at either 931 nm or 1165 nm, which 
corresponds to the anti-Stokes and Stokes scattering for the 1079 cm
-1
 mode, respectively. 
Additionally, we also take into account the wavelength dependent efficiencies of the 
detector by scaling each amplitude with the corresponding detector efficiency at each 
wavelength as described in Appendix B. An example of this calculation is shown below: 
IntensityStokes =
Peak Amplitude for 1079 cm−1
Stokes
 
Extinction1165 nm  
× detector efficiency1165 nm  
Intensityanti−Stokes
=
Peak Amplitude for 1079 cm−1
anti−Stokes
 
Extinction931 nm  
× detector efficiency931 nm  
These intensities are then used in Equation 4.1 to determine an effective temperature at 
each time point. For analysis of additional modes, as applied in Figure 4.4, these 
equations are modified to reflect the corresponding wavelengths and energy for each 
mode.  
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Effect of Silica Supports on Plasmonic Heating of Molecular Adsorbates as 
Measured by Ultrafast Surface-Enhanced Raman Thermometry 
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5.1 Synopsis  
Plasmonic materials show great potential for selective photocatalysis under 
relatively mild reaction conditions. Many studies have focused on tailoring the plasmonic 
properties of these catalysts to improve their efficacy and overall yield. However, the 
catalytic activity of these plasmonic catalysts can also depend upon the catalytic support 
material that stabilizes the catalysts, where the composition of the catalytic support may 
change the overall photocatalytic efficiency. It is unknown how changes in the support 
material may change the plasmon-driven photocatalysis, which may be initiated by 
plasmon-derived hot carriers, localized heating, or enhanced electromagnetic fields. 
Herein, we probe the effects of catalytic supports on heating in plasmon-driven catalysis 
by examining various gold nanoparticle-oxide systems. We use ultrafast surface-
enhanced Raman thermometry to measure the effective temperature, equivalent to the 
vibrational kinetic energy, of reporter molecules located between plasmonic gold 
nanostructures and various local environments ranging from ligands to mesoporous silica 
shells to silica shells. Upon photoexcitation, the transient effective temperature, 
equivalent to the energy deposited into a vibrational mode, of adsorbed molecules on the 
silica coated samples increases and the energy quickly dissipates within 3 ps. However, 
the baseline effective temperature that arises due to the SERS probing process depends 
upon the encapsulant, where the energy deposition differs by 200 to 300 K between the 
ligand coated (citrate or CTAB) and the silica coated (mesoporous or non-porous) 
samples, Adsorbates surrounded by a silica shell experience higher effective temperatures 
than adsorbates surrounded by ligands or solvent, likely due to the differing heat 
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capacities of these media. Taken together this work shows that a silica support impacts 
the localized heating of molecular adsorbates on the gold surface and may play a role in 
enhanced plasmonic photocatalysis due to increased thermal contributions. 
5.2 Introduction 
Plasmonic materials show great promise for highly selective photocatalysis by 
favoring the chemical pathway that produces the desired product and minimizing side 
reactions.
4,5,103,109
 Plasmonic catalysts can drive a variety of reactions, including water 
splitting,
105
 ethylene epoxidation,
109
 selective hydrogenation,
4
 and many others.
5
 
However, these systems are not as efficient as they could be, which may be due to, in 
part, a lack of understanding of the mechanisms for plasmonic photocatalysis.
22
 Possible 
mechanisms rely on different energy partitioning pathways that occur upon plasmon 
excitation, including hot carrier generation, enhanced electromagnetic fields, and 
localized heating. The preference for each pathway may be highly dependent on the 
plasmonic photocatalyst or the desired chemical reaction. Not only is it important to 
understand the dissipation of energy into different pathways upon photoexcitation of a 
plasmonic material, but it is also vital to understand how the surrounding environment 
may influence the catalytic process.  
While most reports of plasmonic photocatalysis focus on optimization of the 
plasmonic catalysts, the materials used to support them also affect their catalytic 
performance.
72
 Catalytic supports are a good way to disperse the catalytic nanomaterials 
and provide stability while minimizing the obstruction of active sites.
129
 Common support 
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materials include metal oxides, carbonaceous materials, and polymers.
129
 Even in non-
plasmonic catalysis, the support material can affect the activity of the catalysts due to 
interactions between the metal and support.
130–132
 Common supports for plasmonic 
photocatalysts are typically semiconductors, such as TiO2, SiO2, and Al2O3.
131–133
 It is 
likely that the catalyst composition will affect the catalytic process as in traditional 
catalysis, although there are fewer existing studies on the effect of the support for the 
developing field of plasmonic photocatalysis. In one of the earliest examples of 
plasmonic photocatalysis, the yield of plasmon-driven H2 dissociation was shown to be 
dependent on the catalytic support of the plasmonic material.
72
 In particular, the authors 
observed 2 orders of magnitude difference in catalytic activity between TiO2 and SiO2 
catalytic supports, which they attributed to the formation of a Schottky barrier between 
the gold nanoparticles (AuNPs) and the TiO2 support. The Schottky barrier allowed the 
highly energetic plasmon-derived electrons to transfer to the support, which prevented 
them from driving the H2 dissociation on the gold surface. However, more detailed 
studies directly proving the effects of support materials on plasmonic photocatalysis are 
needed to definitively identify mechanistic impacts, particularly in terms of the effects on 
hot carrier transfer and localized heating. 
The contribution of thermal energy towards lowering the energetics of a reaction 
is an important component of catalysis.
134,135
 For plasmon-driven H2 dissociation, they 
estimated the contribution of plasmonic localized heating for TiO2 and SiO2 supports and 
attributed the differences in heating to the thermal conductivity of the support.
72
 This 
result highlights the importance in considering the thermal properties of the materials 
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near the plasmonic catalysts, including the thermal conductivity and heat capacity of the 
material. The physical and chemical properties of the surrounding material may affect the 
energy dissipation around the catalysts, which may, in turn, affect their catalytic activity. 
Clearly, catalytic supports can play an important role in plasmonic photocatalysis by 
affecting the local environment near the catalytically active surface.  
In particular, the effect of catalytic supports on energy partitioning of a plasmonic 
catalyst is a key component to elucidating the mechanisms driving plasmonic 
photocatalysis. The energy partitioning upon plasmon decay occurs on the ultrafast time 
scales of femtoseconds to picoseconds.
7,9
 Upon photoexcitation with resonant light, the 
charge density of a plasmonic material begins to coherently oscillate. Within 1 to 100 fs, 
plasmon damping and electron thermalization occurs via inelastic electron-electron 
scattering, generating a Fermi-Dirac population of highly energetic or hot carriers.
10,44
 
Within 1 – 10 ps, these hot carriers can interact with their surroundings, including 
transferring to adsorbed molecules, nearby solvent molecules, and scattering off ,phonons 
in the metal lattice. Upon electron-phonon scattering, the metal lattice becomes hot and 
eventually reaches equilibrium with the local environment in 100s of picoseconds.
7,52
 
Catalytic supports may alter the plasmon decay pathway, leading to mechanistic changes 
for plasmon-mediated reactions. To understand how catalytic supports affect plasmonic 
catalytic processes, we need to examine the evolution of energy partitioning within the 
system on the picosecond time scale of chemical reactivity. 
One technique for studying complex plasmonic photocatalytic systems on the 
time scales of chemical reactivity is ultrafast surface-enhanced Raman spectroscopy 
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(SERS), which provides insights into plasmon-molecule interactions leading to chemical 
catalysis.
80
 SERS is a plasmon-enhanced vibrational technique, which can be used to 
monitor plasmon processes from the point of view of adsorbed molecules on the surface. 
When coupled with a femtosecond plasmon excitation pulse, ultrafast SERS can provide 
structural snapshots of the evolving plasmonic-molecular system. Not only can ultrafast 
SERS provide structural information about adsorbed molecules on the plasmonic surface, 
this technique can also act as an ultrafast nanoscale thermometry technique. The 
temperature of specific modes can be determined by measuring the intensity ratio of the 
anti-Stokes and Stokes Raman peaks of a mode and applying a Boltzmann distribution 
analysis.
117,123,124
 Essentially, the adsorbed molecule acts as a nanoscale thermometer 
reporting on the degree of heating, equivalent to the energy deposition into vibrational 
modes of the adsorbate, in a highly localized environment.  
Using ultrafast SERS, we can monitor the heating response of an analyte on the 
picosecond time scale of plasmon dynamics and chemical reactions.. By probing the 
system on the picosecond time scale, temperature becomes an inaccurate way to describe 
the system, which is no longer at equilibrium. Instead, ultrafast SERS measures an 
effective temperature, which is equivalent to the vibrational kinetic energy deposited into 
a specific vibrational mode.
136
 Using ultrafast SERS, we can examine how changes to the 
catalytic support may affect the local heating of adsorbates on the time scale of chemical 
reactivity. These differences may help to explain why some supports increase the 
catalytic activity or selectivity of a plasmonic catalyst.  
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5.3 Results and Discussion 
To study the effects of silica supports on plasmon-driven heating, we examined 
four different samples as described in Figure 5.1a-d via transmission electron 
micrographs (TEM) and schematic depictions. The four samples, all with trans-1,2,-
bis(4-pyridyl)ethylene (BPE) reporter molecules directly adsorbed to a gold nanoparticle 
surface, ranged in coatings from ligands (CTAB or citrate), a mesoporous silica shell, or 
a non-porous silica shell. Mesoporous silica supports are of particular interest for 
selective photocatalysis due to their porous nature. By controlling pore size, mesoporous 
silica supports can increase catalyst selectivity by limiting the type of molecules which 
can reach the catalyst surface.
137
 The pore size can be tuned for the reactant of interest 
and prevent large molecules from interfering with the desired catalytic process. For 
comparison, we also examined a non-porous silica support and ligand-encapsulated 
particles without an oxide support. 
The two silica coated samples consist of silica encapsulated gold nanoparticle 
(AuNP) dimers with BPE adsorbed to the gold surface prior to the synthesis of the silica 
shell (Figure 5.1a, green), and mesoporous silica coated gold nanorods (AuNRs) 
synthesized with a hydrophobic silane precursor (Figure 5.1b, chlorotrimethylsilane 
(TMS), blue). The silica encapsulated AuNP dimers were obtained from Becton 
Dickinson (SERS440 Nanotags) and used without further purification. The gold cores are 
approximately 60 nm in diameter with silica shell thickness of approximately 50 nm. The 
mesoporous silica AuNRs were synthesized following a previously published 
procedure.
138
 Further synthetic details can be found in the Methods and Appendix C. This 
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synthesis produces a mesoporous silica shell around the AuNR with pore diameters 
between 4 to 10 nm.
139
 The thickness of the silica shells at the SERS-active tips of the 
AuNRs is 8 ± 2 nm, as measured by TEM. The pores allow for the migration of analytes 
from the bulk solution to the gold surface. The two ligand coated nanomaterials consist of 
cetyltrimethylammonium bromide (CTAB)-capped AuNRs (Figure 5.1c, red), the same 
as those used in the synthesis of the mesoporous silica AuNRs, and citrate-capped AuNP 
aggregates. The AuNRs were obtained from Nanohybrids and used without further 
purification. The citrate-capped AuNPs (Figure 5.1d, yellow) were synthesized following 
the Frens method,
84
 and were  aggregated by the addition of 0.025 M aqueous potassium 
nitrate and 20 µM BPE dissolved in ethanol.  
 
Figure 5.1 Sample characterization (a-d) Transmission electron micrographs of each 
sample alongside schematic depiction. The scale bar is equivalent to 50 nm. (e) extinction 
spectrum of each sample showing the localized surface plasmon resonance, with relevant 
SERS wavelengths indicated. The anti-Stokes and Stokes wavelengths correspond to the 
ethylenic symmetric stretch of trans-1,2-bis(4-pyridyl)ethylene. 
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 In Figure 5.1e, we show the extinction spectra depicting the localized surface 
plasmon resonance (LSPR) for each nanomaterial. The size of the samples was chosen to 
ensure that the localized surface plasmon resonance overlapped with the near infrared 
SERS probe beam. The two samples consisting of AuNRs show a transverse plasmon 
resonance at 515 nm, and a longitudinal plasmon resonance at 770 nm for the 
mesoporous silica AuNRs (blue) and 793 nm for the CTAB-capped AuNRs (red). The 
blue shift of the mesoporous silica AuNRs upon silica formation arises from the change 
in refractive index. For the silica encapsulated AuNP dimers (green), the monomer 
plasmon resonance occurs at 538 nm, with the multimer plasmon resonance centered at 
782 nm. For the aggregated citrate-capped AuNPs (yellow), a small monomer plasmon 
resonance peak is present at 557 nm and the aggregate plasmon resonance is very broad, 
signifying a diverse population of aggregates and thus plasmonic hotspots available in 
this sample. The three wavelengths denoted on the plot refer to the relevant wavelengths 
for the SERS measurement. The laser excitation wavelength is 1035 nm, and the anti-
Stokes and Stokes wavelengths for the 1200 cm
-1
 ethylenic symmetric stretch in BPE at 
this excitation wavelength occur at 921 nm and 1182 nm, respectively. 
 Representative anti-Stokes and Stokes Raman spectra for each sample, obtained at 
a flux of 350 W/cm
2
, appear in Figure 5.2a and Figure 5.2b, respectively. Additional 
spectra were taken at fluxes ranging between 210 W/cm
2
 and 1050 W/cm
2
 for each 
sample (Figure C2-C5). The scale bar in the upper left corner denotes the relative signal 
magnitudes between the two sets of spectra and reports the signal intensity as counts/s. 
Four major peaks in BPE are marked by dotted lines and appear at 1015, 1200, 1608, and 
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1638 cm
-1
. The 1608 and 1638 cm
-1
 modes correspond to the CC ring stretching modes, 
the 1200 cm
-1
 mode corresponds to the ethylenic symmetric stretch, and the 1015 cm
-1
 
mode corresponds to the ring breathing mode.
64,140
 The relative SERS signal magnitudes 
track with the LSPR magnitudes of each sample (Figure 5.1e), which is most apparent 
when comparing the Stokes SERS magnitude of the AuNP aggregates to the other 
samples. The Stokes SERS signal magnitude for the AuNP aggregates is approximately 
10x higher than any other sample and also has the highest LSPR magnitude for both the 
laser excitation wavelength and the Raman Stokes wavelength corresponding to the 1200 
cm
-1
 mode (Figure 5.1e). For quantitative analysis of vibrational energy deposition, we 
account for the LSPR magnitude differences as described in the following paragraph and 
will focus our analysis on the most intense peak at 1200 cm
-1
 for all samples. 
 
Figure 5.2 Surface enhanced (a) anti-Stokes and (b) Stokes Raman spectra obtained with 
a picosecond probe beam at 350 W/cm
2
.  
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 During both plasmon excitation and SERS probing, energy is transferred from the 
photoexcited plasmon to the vibrational levels of the molecular adsorbates. To calculate 
the effective temperature of reporter molecules in each sample, we apply a Boltzmann 
distribution analysis. From the spectra obtained in Figure 5.2, we fit the 1200 cm
-1
 peak 
to a Gaussian function to obtain the peak amplitude. We account for the wavelength 
dependent enhancement in SERS
101
 by scaling the peak amplitude with respect to the 
LSPR magnitude at the wavelength relevant to the Raman signal for each mode (Figure 
5.1e). We also include an additional scaling factor to account for the wavelength 
dependence of the detector efficiency at each wavelength. We then apply a Boltzmann 
distribution as described in Equation 5.1:
136
 
Effective Temperature (K) =
−Energy of Vibration (J)
kb∗ln(
Intensityanti−Stokes
C∗IntensityStokes
)
   (5.1) 
where kb is the Boltzmann constant, and C accounts for the wavelength dependence of 
Raman scattering. From the Boltzmann distribution, we obtain an effective temperature 
for each sample. We then can apply this analysis to our ultrafast SERS technique to track 
energy deposition into the adsorbates as a function of time on the picosecond time scale. 
Due to the ultrafast time scale, the system is no longer at equilibrium, thus we report the 
energy deposition as an effective temperature, equivalent to the vibrational kinetic energy 
deposited into the vibrational mode of the adsorbate. 
 Using ultrafast SERS, we track the energy deposition into the ethylenic symmetric 
stretch of the molecular probe after pump-induced photoexcitation to examine the effect 
of silica supports on energy partitioning after plasmon excitation (Figure C1). By 
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applying the Boltzmann distribution analysis, we can plot the time-resolved response 
(Figure 5.3a), which displays the transient effective temperature following 
photoexcitation for the two silica coated samples and the citrate-capped AuNP 
aggregates. Due to a strong scattering background, we were unable to fit the ultrafast 
SER spectra for the CTAB-capped AuNRs. In addition to the effective temperature plots 
for the three substrates, Figure 5.3a also shows two response functions. The instrument 
response function, as measured by the optical Kerr effect in toluene, determines the time 
resolution of the instrument and is shown as the gray dashed Gaussian peak. The solvent 
response (grey), as measured by monitoring the 818 cm
-1
 peak in isopropyl alcohol (IPA) 
of a sample containing aggregated gold nanoparticles suspended in IPA with no analyte, 
shows the amount of heating due to only the intensity of the two pulsed laser beams. The 
solvent response shows minimal heating due to the laser pulses and has no time 
dependent features. 
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Figure 5.3 Energy deposition into the ethylenic symmetric stretch of trans-1,2-bis(4-
pyridyl)ethylene (a) for silica encapsulated AuNP dimers (green) and mesoporous silica 
AuNRs (blue), and citrate-capped AuNP aggregates (yellow) excited with 50 W/cm
2
 
photoexcitation pulse (b) Comparison between the effective temperature baseline (darker 
bars) and transient effective temperature changes (lighter bars) from room temperature 
(294 K) for silica encapsulated AuNP dimers, mesoporous silica AuNRs, and citrate-
capped AuNP aggregates 
In Figure 5.3a, each sample is photoexcited with a 50 W/cm
2
 (8 MW/cm
2
) 1035 
nm femtosecond pump pulse and the spectra are collected with a 350 mW/cm
2
 
picosecond probe pulse. As can be seen in Figure 5.3a, each sample has a baseline 
effective temperature elevated from room temperature, even at negative time points well 
before pump-induced photoexcitation. This baseline effective temperature arises due to 
plasmonic heating from the SERS probing process and correlates to the overall efficiency 
of energy deposition into the adsorbate due to coupling between the plasmon and the 
specific vibrational mode.
136
 Upon photoexcitation, the effective temperature for the 
samples increases and, surprisingly, the energy dissipates extremely quickly. By fitting 
88 
 
each peak to a Gaussian function convoluted with an exponential function, we can 
extrapolate out a time constant for each substrate. For the silica encapsulated AuNP 
dimers, the time constant is 1.1 ± 0.5 ps, while the time constant for the mesoporous 
silica AuNRs is 3 ± 2 ps. These values are similar to those obtained for AuNP 
aggregates,
136
 and are within the instrument response. This energy clearly dissipates very 
quickly from the adsorbates and must transfer to the environment around the adsorbates, 
which may include the surrounding ligands, solvent, silica shell, or most likely back into 
the gold nanostructure. The addition of silica and mesoporous silica does not appear to 
affect the dynamics of the plasmonic heating response on the picosecond time scale. 
However, the silica and mesoporous silica coated samples exhibit different behaviors in 
regard to overall effective temperature differences. 
In Figure 5.3b, we compare the baseline effective temperature and the transient 
effective temperature differences for each sample in Figure 5.3a relative to room 
temperature (294 K). The darker bars represent the baseline effective temperature that 
arises due to the SERS probing process and the lighter bars represent the effective 
temperature change upon pump-induced photoexcitation. In the silica encapsulated AuNP 
dimers, the transient effective temperature upon photoexcitation rises by over 100 K, 
while the mesoporous silica AuNRs have transient effective temperature differences that 
are much lower, at approximately 40 K. The silica and mesoporous silica samples also 
have baseline effective temperatures which differ by 120 K. Adsorbates on the citrate-
capped AuNP aggregates have an even lower baseline effective temperature, which is 
150 K lower than adsorbates on the mesoporous silica AuNRs. The temperature 
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differences of the baseline effective temperature between these substrates must arise from 
a difference in the thermal properties of the local environment around the adsorbates. 
To further explore the effect of the local environment on the steady state heating 
response seen in the different baseline effective temperatures, we obtained spectra for the 
four samples in Figure 5.2 at a range of SERS probe powers (Figure C2-C5). Effective 
temperatures for each sample at each flux, obtained by applying the Boltzmann 
distribution analysis described previously, appear in Figure 5.4 for the 1200 cm
-1
 
ethylenic symmetric stretch. The solvent response is shown in grey and represents 
aggregated gold nanoparticles suspended in IPA. The effective temperatures are obtained 
by fitting the 818 cm
-1
 peak in IPA. The solvent response shows minimal heating due to 
the probe pulse with an average effective temperature of 320 ± 10 K over the range of 
fluxes measured. 
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For all samples, the effective 
temperatures increase linearly with 
increasing flux, suggesting a one 
photon process for the energy transfer. 
Although all of the samples have 
increasing effective temperatures with 
increased flux, the slope of the 
temperature increase as a function of 
laser power is dramatically different. 
Adsorbates on silica encapsulated 
AuNP dimers (green) and the 
mesoporous silica AuNRs (blue) 
experience significantly higher 
temperatures than the adsorbates on 
the particles without a silica shell 
across all fluxes. By fitting the data for 
each sample to a linear regression, we can extrapolate out the baseline temperature for 
each system. The baseline temperature describes the relative energy deposition into each 
mode for each nanoparticle substrate. The difference in baseline temperatures between 
the silica and mesoporous silica substrates and the ligand-capped particles range from 
130 to 250 K (Table 5.1). The higher temperatures achieved in the presence of an oxide 
 
Figure 5.4 Localized plasmonic heating for 
silica coated and ligand coated samples. 
Temperature of the ethylenic symmetric stretch 
(1200 cm
-1
) of trans-1,2-bis(4-pyridyl)ethylene 
(BPE) for each plasmonic substrate plotted 
against flux and peak power of the picosecond 
probe beam. BPE on particles encapsulated in 
silica have higher temperatures than those 
molecules on particles without silica. 
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support suggests that the role of heating in plasmonic photocatalysis may vary based on 
the presence and composition of the support.  
Table 5.1 Effective temperatures at select fluxes for each substrate with corresponding 
thermal conductivity and specific heat capacity values 
 
Citrate-
capped 
AuNP 
Aggregates 
CTAB-
capped 
AuNRs 
Mesoporous 
silica AuNRs 
Silica 
encapsulated 
AuNP 
dimers 
Temperature (K) 
 at 210 W/cm
2
 
353 ± 9 365 ± 15 483 ± 14 575 ± 4 
Temperature (K)  
at 350 W/cm
2
 
371 ± 11 396 ± 23 521 ± 11 632 ± 9 
Temperature (K) 
at 1050 W/cm
2
 
416 ± 3 475 ± 30 608 ± 10 730 ± 15 
Baseline Temperature 
(K) (Figure 5.4) 
343 ± 3 349 ± 6 470 ± 10 563 ± 15 
Thermal Conductivity 
(W/m K) 
0.2  ̶  0.3**  
0.22  ̶  
0.24
[141,142] 0.2  ̶  0.3
[143,144]
 
1.0  ̶  
1.4
[145,146] 
Specific Heat 
Capacity (J/ K) 
1.3  ̶  4.18** 
g
-1 
1.6  ̶  4.18 
mL
-1 [141,142] 
0.8  ̶  1.4* g-1 
[147]
 
0.733 g
-1 [147] 
*Heat capacity for mesoporous silica AuNRs were estimated based on pore size where 
the range given estimates a 25-33% solvent (EtOH) contribution to the heat capacity 
**Estimated citrate-capped AuNP thermal property values based upon measurements of 
other ligand shells, including CTAB, PEG, and polystyrene
141,148,149
 
There are several possible explanations for the observed effective temperature 
differences in these four nanoparticle materials, which likely result from the different 
thermal properties of the encapsulant material. A key component of nanoscale thermal 
transport is the thermal conductivity of a material.
150
 However, the heating response 
observed in Figure 5.4 cannot be fully explained by thermal conductivity due to the 
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reported values for thermal conductivity of the media surrounding each sample (Table 
5.1). For these values, silica has the highest thermal conductivity and the mesoporous 
silica has one of the lowest.
145,151
 If thermal conductivity fully explained the heating 
response for the various local environments, the adsorbates on the silica encapsulated 
AuNP dimers would have the lowest effective temperatures, while the adsorbates on the 
mesoporous silica AuNRs would have the highest temperatures. The ligand capped 
nanoparticle substrates would fall somewhere in between the silica and mesoporous silica 
samples.  
The more likely explanation for the dramatic temperature differences between the 
ligand coated and silica coated samples is the different heat capacities of the surrounding 
media. Nanoscale silica materials have specific heat capacities below 1 J/g K,
147
 whereas 
solvents typically have higher heat capacities. In these specific nanomaterials, the 
estimated specific heat capacity for the silica in the coated silica samples ranges from 
0.73 to 0.84 J/g K,
147
 depending on porosity, and the heat capacity of the ligand coated 
substrates can range between 1.6 J/mL K and 4.18 J/g K (Table 5.1 & C2).
141
 Additional 
information about the heat capacity estimates for these samples can be found in Appendix 
C. In Raman thermometry, the molecule adsorbed to the surface of the metal acts as a 
thermometer at the interface between the gold surface and the environment surrounding 
the gold particle. As the environment around the gold particle changes, through the 
addition of protective oxide layers, or changes in solvent and capping ligands, the 
molecule can report on the effects of these changes through the spectra we obtain. If the 
local medium from a material around the gold nanoparticle has a high heat capacity, the 
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temperature reported by the adsorbed molecule is relatively small. With a high heat 
capacity, a large amount of energy is needed to increase the temperature of the material. 
If the local medium has a lower heat capacity, less energy is required to raise the 
temperature of the material to the same degree. The reporter molecule, surrounded by a 
material with a lower heat capacity, experiences a larger change in temperature, even 
when the same amount of energy is added to the system. Thus, the temperature 
differences arising between the silica coated and ligand coated samples is likely due to 
the heat capacity of the medium surrounding the adsorbates.  
In Figure 5.4, it is clear that the energy deposition into molecular adsorbates on 
silica and mesoporous silica samples differs by ~ 100K. This difference is not accounted 
for by the different shape of the particles or hot spots between the two sample types, as 
can be seen with the comparison between the ligand capped nanoparticle aggregates and 
nanorods. The most likely cause for the temperature differences between the silica 
encapsulated AuNP dimers and mesoporous silica AuNRs is in the structural differences 
of the silica coating leading to changes in the overall heat capacity. The mesoporous 
silica coating consists of pores with diameters approximately 7 ± 3 nm. These pores 
allowed for the migration of the analyte to the gold surface, and also contain solvent 
molecules. The addition of solvent to the silica structure changes the thermal properties 
of the material as experienced by the adsorbates.
152
 Essentially the heat capacity for the 
mesoporous silica, as perceived by the adsorbates, becomes a weighted average between 
the mesoporous silica (~0.8 J/g K) and the solvent, ethanol (2.46 J/g K). Based on the 
pore size and surface area of the mesoporous silica shell, the solvent contribution for the 
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thermal properties of the mesoporous silica AuNRs is estimated to be between 25-33%. 
This change in the surrounding medium of the adsorbate results in the ~100 K difference 
between the two types of silica coated substrates. Thus, mesoporous silica coatings used 
for catalysis may also affect selectivity due to increased localized heating in the pores as 
compared to substrates without a mesoporous silica shell. 
5.4 Conclusion 
 Here, we compared the plasmonic heating for adsorbates on gold nanostructures 
with local environments ranging from ligands (CTAB or citrate), a mesoporous silica 
shell, to a non-porous silica shell using ultrafast surface-enhanced Raman thermometry. 
Upon photoexcitation, the effective temperature, which corresponds to the vibrational 
kinetic energy, increased for silica and mesoporous silica samples and the energy quickly 
dissipated in less than 3 ps. The effective baseline temperatures, which arise from the 
SERS probing process, varied significantly between the silica, mesoporous silica, and 
ligand samples. The difference in heating response between the silica, mesoporous silica, 
and ligand coated substrates most likely arises due to differences in the heat capacity of 
the local environments around the molecules adsorbed to the gold surface. Clearly, silica 
supports affect the localized heating of molecules adsorbed to plasmonic surfaces and 
may also dramatically affect catalytic activity of plasmonic photocatalysts due to 
increased thermal contributions. 
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5.5 Methods  
 Sample Preparation. Gold nanoparticles (AuNPs) were synthesized via the Frens 
method.
84
 Samples for SERS and ultrafast Raman thermometry measurements were 
prepared by centrifuging 3 mL of as-synthesized AuNPs and removing 2.95 mL of the 
supernatant. The AuNPs were aggregated by adding 350 µL of 0.032 M aqueous 
potassium nitrate and 50 µL of 0.18 mM trans-1,2-bis(4-pyridyl)ethylene dissolved in 
ethanol. Mesoporous silica gold nanorods (AuNRs) were synthesized following a 
modified Stöber method.
138
 Synthetic details can be found in Appendix C. For SERS and 
ultrafast Raman thermometry measurements, 5 µL of 1.8 mM trans-1,2-bis(4-
pyridyl)ethylene dissolved in ethanol were added to 200 µL of 6 x 10
11
 nanorods/mL of 
mesoporous silica AuNRs. Measurements were performed 12 hours after addition of 
analyte. Additional details can be found in Appendix C. 
 Ultrafast SERS Instrumentation. A detailed description of this instrument has 
been published previously.
136
 Briefly, < 250 fs pulses from a fiber amplifier (Clark MXR, 
Impulse), centered at 1035 nm, were split with a 50:50 beam splitter to a make a 
photoexcitation and a probe beam. To generate the picosecond probe pulse, 6 W was sent 
into a grating filter.
153
 The femtosecond photoexcitation beam used a remaining portion 
of the fundamental without further modification and the power was controlled with a 
neutral density filter wheel. The timing between the pulses was controlled by a motorized 
stage in the photoexcitation beam line. After the sample, the spontaneous Raman signal 
was focused into a spectrograph and dispersed by a 300 gr/mm grating blazed at 1 µm. 
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The signal was detected by a liquid N2 cooled, 1024 pixel InGaAs array. Stokes and anti-
Stokes spectra were collected using a 1064 nm Razor Edge filter (Semrock) and 1000 nm 
short pass (Thorlabs FESH1000) filter, respectively.  
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Chapter 6 
 
Plasmon-Enhanced Chemical Sensing and Conversion using Copper Selenide 
Nanoparticles 
 
 
 
 
 
 
 
 
 
 
 
Reprinted with permission from manuscript by Xing Yee Gan, Emily L. Keller, Scott E. 
Crawford, Renee R. Frontiera and Jill E. Millstone. To be published.  
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6.1 Synopsis  
The ability of plasmonic materials to enhance electromagnetic fields, produce 
energetic carriers, and generate heat holds tremendous potential for a variety of 
applications. However, traditional plasmonic materials, such as gold and silver, are less 
earth-abundant and have limited catalytic activity, while the properties of non-traditional 
materials are not well understood. Here, we investigate the SERS activity on colloidal 
degenerately-doped copper selenide semiconductor nanoparticles, a promising alternative 
plasmonic material due to their near IR plasmon resonance, sub-20 nm size, and different 
surface chemistry as compared to traditional plasmonic materials. We report that copper 
selenide nanoparticles have a SERS enhancement factor of 10
4
. In the presence of light, 
the plasmon-driven dimerization of 4-nitrobenzenethiol to 4,4’-dimercaptoazobenzene 
occurs on the nanoparticle surfaces. Importantly, we quantify the SERS enhancement 
factor for and provide first observation of chemical detection and plasmon-mediated 
chemistry by these non-noble metal plasmonic substrates. Taken together, our results 
indicate that degenerately-doped semiconductor nanoparticles show tremendous promise 
in becoming cost-effective alternatives for plasmonic sensing and catalytic technologies 
in real-world applications. 
6.2 Introduction 
Localized surface plasmon resonances (LSPRs) have been broadly studied and are 
a property of nanomaterials that can be used to enhance or enable a wide variety of 
technologies including cancer treatment,
2,154
 light-driven catalysis,
5,155
 and ultrasensitive 
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detection.
34,89
 While traditionally studied in noble metal nanomaterials, such as gold and 
silver, a broader selection of nanoscale materials support LSPRs.
156
 Apart from being 
more earth-abundant and cost-effective alternatives, non-noble metal nanomaterials such 
as aluminum
157
 and degenerately-doped semiconductor nanoparticles (i.e. metal 
oxides,
158
 metal nitrides,
159
 and metal chalcogenides
160,161
) enable plasmonic properties 
that span a wider range of the electromagnetic spectrum, from the ultraviolet to the 
infrared region. Similar to their noble metal counterparts, the observed LSPRs of 
degenerately-doped semiconductor NPs can be tuned via particle size,
156
 shape,
162
 and 
surface chemistry,
163
 as well as by the additional handle of free carrier density and 
distribution.
164–166
 However, it is yet unclear whether the plasmonic features of these 
alternative plasmonic materials will perform in a comparable, inferior, or superior 
manner to their noble metal counterparts. 
A common plasmon-enhanced technique, frequently used to study noble metal 
nanomatierals in a variety of sensing applications, is surface-enhanced Raman 
spectroscopy (SERS).
34
 The enhanced signal observed with SERS arises from the 
coupling of a material’s LSPR with incoming resonant light and scattered Raman 
photons.
34
 A common metric by which to compare SERS substrates is using an 
enhancement factor (EF), which estimates the order of magnitude enhancement of the 
normal Raman signal due to interaction with the plasmonic substrate.
13
 The EF is a key 
component in determining the sensitivity of a chemical sensing device. For example, 
CuTe nanoplates and nanocubes have been reported to exhibit photothermal properties 
and a SERS EF of ~10
6
.
167
 However, to our knowledge, a SERS EF has not been reported 
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specifically for psuedospherical copper selenide (Cu2-xSe) NPs, which is vital for 
determining the viability of these materials as chemical sensors. 
Beyond sensing applications, another exciting avenue for plasmonic materials is 
the ability to drive selective photochemical catalytic reactions.
4
 In traditional plasmonic 
materials, one decay pathway following plasmon excitation is the generation of energetic 
or hot carriers.
44,48,155
 Though short-lived,
12,44
 these energetic carriers can be transferred 
to adsorbates, where the adsorbates could be either a semiconductor,
26,168
 a catalytically 
active secondary metal,
4,169
 or a molecule.
11,12,44
 Depending on the energy distribution, 
lifetime, number, and charge of the energetic carriers, a plasmonically-driven chemical 
conversion may occur.
48
 While other plasmonic materials have driven various 
photocatalytic reactions, chemical conversions using plasmonically active degenerately 
doped semiconductor NPs alone have not yet been observed.
5,44,155,170
 Instead, several 
reports have observed that hybrid structures made from plasmonically active 
semiconductor NPs and catalytically active metals could be used to enhance catalytic 
efficiencies.
171
 For example, Cui and coworkers have reported that by decorating 
plasmonic copper sulfide NPs with catalytically active metals such as Pt and Pd, chemical 
conversions such as the reduction of CO2 and Suzuki coupling reactions were 
enhanced.
172
  
In the present work, we demonstrate that degenerately-doped Cu2-xSe NPs with an 
LSPR in the near infrared (NIR) region can be used to enhance the Raman signatures of 
analyte molecules using SERS. By measuring the enhanced amplitudes of the Raman 
peaks, we report a SERS EF. We then demonstrate the functionality of this optical 
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response, by monitoring the plasmon-mediated chemical conversion of 4-
nitrobenzenethiol to 4,4’-dimercaptoazobenzene. Importantly, these observations show 
the efficacy of semiconductor NPs as one of the non-noble metal alternatives in 
plasmonic technologies.  
6.3 Results and Discussion 
We prepared Cu2-xSe NPs 
via a hot injection method according 
to a modified literature procedure 
using standard air-free techniques 
(see Appendix D for experimental 
details).
165,173
 Briefly, this synthesis 
produces colloidally stable Cu2-xSe 
NPs with oleylamine (OAm) acting 
as the surface passivating ligands. 
Similar to what was reported 
previously, transmission electron 
micrographs show that purified 
OAm capped Cu2-xSe NPs are 
pseudospherical in shape with an 
average diameter of 16.4  1.5 nm 
 
Figure 6.1 Characterization of Cu2-xSe NPs via 
transmission electron microscopy and UV-
Visible-NIR spectroscopy. (A) High resolution 
transmission electron micrograph shows 
monodispersed, pseudospherical oleylamine 
capped Cu2-xSe NPs (B) with its size distribution 
represented in the histogram, and (C) extinction 
spectrum of the NPs dispersed in CHCl3. 
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(Figure 6.1A-B) and an antifluorite crystal structure (Figure D1, PDF # 00-006-0680).
165
 
When the NPs are exposed to ambient conditions, the NPs undergo a self-doping process 
where Cu
+
 is oxidized to Cu
2+
, which results in the formation of valence band holes.
156
 
The presence of degenerate holes generates an LSPR at approximately 1100 nm and an 
onset of absorption at approximately 500 nm which we assign to the direct bandgap of 
Cu2-xSe NPs (Figure 6.1C). The concentration of degenerate holes formed in the NPs (i.e. 
carrier density, Nh) can be extracted from the extinction spectrum and quantified using 
the Drude model (Nh = 6.3x10
21 
cm
-3
).
156,158,165
  
Next, we examined the interactions between the LSPR of Cu2-xSe NPs and Raman 
active molecules using SERS. Here, we introduce benzenethiol (BT) solutions of various 
concentrations to a CHCl3 solution containing colloidally dispersed OAm capped Cu2-xSe 
NPs. BT acts as a reporter molecule for the SERS measurement and Figure 6.2A depicts 
the resulting SER spectra in various shades of red. The grey spectrum represents the 
unenhanced Raman spectrum of BT in CHCl3 without the presence of plasmonic Cu2-xSe 
NPs. The peaks marked by the dashed lines correspond to the BT ring breathing modes at 
1002 and 1024 cm
-1
.
88
 Additionally, the black spectrum in Figure 6.2A is a control 
sample consisting of Cu2-xSe NPs without BT dispersed in CHCl3. Note that the spectral 
region at 1000 cm
-1 
does not exhibit BT features that appear in solutions containing BT. 
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Figure 6.2 Determination of the enhancement factor for Cu2-xSe NPs using benzenethiol 
(BT) as a reporter molecule (A) SER spectrum of BT adsorbed onto colloidal Cu2-xSe NPs 
at indicated concentrations and (B) linear fit of the SERS intensity per molecule versus BT 
molecules in solution from which the enhancement factor is extrapolated as 10
4
 for Cu2-
xSe NPs.  
From the spectra in Figure 6.2A, we can calculate a SERS EF for Cu2-xSe NPs 
using the equation described below:
13,125
  
𝐸𝐹 =  
𝐼𝑆𝐸𝑅𝑆𝑁𝑁𝑅𝑆
𝑁𝑆𝐸𝑅𝑆𝐼𝑁𝑅𝑆
           (6.1) 
where ISERS and INRS are the Raman intensities of BT at 1002 cm
-1
 for the SERS and 
normal Raman measurement, respectively, while NSERS and NNRS correspond to number 
of BT molecules adsorbed on the plasmonic substrate and in solution, respectively, for 
the probed volume. The spectra in Figure 6.2A consist of samples with the same particle 
concentration, thus we can assume that NSERS is the same for the three samples, due to the 
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excess BT in solution. Nonetheless, since there is an increase in concentration of excess 
BT in solution in each aliquot, the signal intensity in ISERS also increases. 
The ratios between ISERS and NSERS plotted against the number of excess BT 
molecules (NNRS) that would be present in the probed volume if there were no NPs in the 
sample at various BT aliquots can be fit to a linear regression (Figure 6.2B). Using the y-
intercept of the fitted linear regression, we can extrapolate an idealized ISERS/NSERS ratio 
that accounts for the excess BT in solution. By using this ratio in Equation 1 and 
reporting only to the order of magnitude due to estimates of surface area and surface 
packing, we calculated an EF of 10
4
 for Cu2-xSe NPs. Further details for quantifying the 
SERS EF for Cu2-xSe NPs can be found in Appendix D. This EF is comparable to 
traditional noble metal SERS substrates, which have EFs between 10
3
 and 10
7 
depending 
on size, shape and aggregation conditions.
13
  
Scheme 6.1 Depiction of plasmonically driven 
chemical conversion from 4-NBT to DMAB. 
 
In addition to having a measureable SERS EF, Cu2-xSe NPs can mediate the 
plasmon-driven dimerization of 4-nitrobenzenethiol (NBT) to 4,4’-
dimercaptoazobenzene (DMAB), shown in Scheme 6.1 (N.B. the schematic shows the 
adsorption of both NBT and DMAB molecules on a bare NP for clarity.) NBT  
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dimerization is a plasmon-mediated 
reaction that is well-characterized 
on noble metal plasmonic substrates 
and is known to be mediated by the 
generation of plasmon-derived hot 
electrons to initiate the multi-
electron reduction reaction.
85,125
 
Upon irradiation of a solution 
containing NBT adsorbed to either 
OAm capped (navy) or 
polyvinylpyrrolidone (PVP) capped 
(teal) Cu2-xSe NPs dispersed in 
CHCl3, a DMAB product peak 
appears at 1458 cm
-1
 in the SER 
difference spectra within 5 minutes 
of photoirradiation (Figure 6.3, D5). The spectra in Figure 6.3 indicate that the presence 
of a bulky polymeric ligand (e.g. polyvinylpyrrolidone) on NP surface does not inhibit 
the absorption of NBT, nor the dimerization process. The highlighted NBT modes (black 
dashed lines) at 1102, 1344, and 1580 cm
-1
 correspond to the ring breathing, NO2 
symmetric stretch and C-C stretch,
88 
respectively, and match the normal Raman spectrum 
shown in light grey (Figure 6.3).
 
The product peak at 1458 cm
-1
, which is labelled in red, 
corresponds to the N=N stretch of DMAB. DMAB does not form without the presence of 
 
Figure 6.3 SER difference spectra of PVP (teal) 
and OAm (navy) capped Cu2-xSe NPs, as well as 
4-NBT in absence of NPs (dark grey) showing 
the plasmon-driven dimerization of 4-
nitrobenzenethiol (black dashed lines) to 4,4’-
dimercaptoazobenzene (red dashed lines). Light 
grey spectrum shows Raman spectrum for NBT. 
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plasmonically active Cu2-xSe NPs at the concentrations used for this experiment as shown 
by the dark grey spectrum in Figure 6.3 (Figure D6). The photoinduced dimerization of 
NBT is the first reported evidence of plasmonically driven chemical conversion using 
plasmonic semiconductor Cu2-xSe NPs.  
This plasmon-driven chemical conversion is particularly remarkable because the 
dimerization of NBT undergoes a reduction based mechanism (i.e. hot electrons by noble 
metal NPs),
11
 while the LSPRs of Cu2-xSe NPs are generated by the coherent oscillation 
of delocalized holes in the valence band. Though these particles primarily produce hot 
holes, the electrons of the initial electron-hole pairs may be energetic enough to drive 
these reactions, even though they are not as energetic as hot electrons produced on noble 
metals. We can estimate a percent yield for this reaction by comparing the final peak 
amplitude ratio of the 1344 cm
-1
 reactant peak and the 1458 cm
-1
 product peak in Figure 
D5. The percent yield for this reaction on Cu2-xSe NPs is 24 ± 3%, which is comparable 
to that seen with SERS on gold nanoparticles.
125
 This estimate implies that the reaction 
goes to completion as limited by the sterics of the proximity of two nitro groups. Further 
studies need to be conducted using different Raman analytes to probe the efficacies of 
using hot holes in Cu2-xSe NPs to promote plasmonically powered chemical conversion.  
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6.4 Conclusion 
In summary, we demonstrate that degenerately doped Cu2-xSe NPs exhibit LSPRs 
that enhance Raman signatures of adsorbed molecules, with an enhancement factor of 
10
4
, which is comparable for sensing applications. More importantly, this is the first 
reported SERS EF for Cu2-xSe NPs and the first observation of plasmon-mediated 
dimerization of NBT using these alternative plasmonic NPs. Taken together, this is a 
substantial leap forward towards the transition to non-noble metal, specifically 
semiconductor, alternatives in the commercialization of plasmonic technologies. 
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Chapter 7 
 
Prospects 
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7.1 Absorption-Induced Plasmonic Heating 
 Most plasmonic photocatalysts reported in the literature drive reactions with 
visible light.
4,5,105,109
 Visible wavelengths are preferable for light-driven catalysis due to 
their abundance in the solar spectrum. However, the scattering and absorption 
efficiencies of plasmonic materials is dependent on the specific wavelength, which leads 
to changes in the efficiencies of a variety of plasmonic processes, including hot carrier 
generation and heating. Recently, a group monitoring the plasmon-driven oxidation of 
ferrocyanide to ferricyanide by scanning electrochemical microscopy (SECM) separated 
the catalytic contribution between plasmon-generated hot carriers and plasmonic 
heating.
174
 They measured temperature changes between 0 to 30 K on gold substrates 
excited with 532 nm at significantly lower fluxes than discussed in Chapter 4.
175
 One of 
the primary differences between the SECM experiments and the work in the previous 
chapters is the excitation wavelength. The different excitation wavelength have different 
scattering and absorption efficiencies, which affects plasmonic heating. The work 
presented in previous chapters only addresses scattering-induced plasmonic heating, and 
further examination of absorption-induced heating is needed to truly account for the 
effect of heating processes on plasmonic photocatalysis.  
 There are several possible approaches for these types of studies, including 
modifying the plasmonic substrate so that we are able excite and probe the same subset of 
adsorbates using visible photoexcitation, and modifying the instrument used to obtain 
Raman thermometry data in the visible region. I will discuss these two approaches below. 
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 The first approach uses AuNRs or another plasmonic substrate with a controlled 
plasmon resonance, such that the wavelengths over which excitation and probing of the 
adsorbates on the plasmonic substrate occurs are dependent on the same plasmon mode. 
By exciting and probing the same plasmon mode, the measurements will sample the same 
subset of adsorbates on the plasmonic substrate. Using AuNRs similar to those discussed 
in Chapter 5, the longitudinal plasmon resonance is centered around 800 nm. This 
plasmon resonance is primarily responsible for SERS signal obtained upon probing at 
1035 nm. By tuning the pump wavelengths, using a non-colinear parametric amplifier 
(NOPA), between 650 to 850 nm (described in Chapter 3), we will be able to measure the 
effective temperature at several points across the plasmon resonance of the AuNRs. 
Using UV-Vis spectroscopy, we can extract the contribution of absorption and scattering 
in the extinction spectrum from the AuNRs, and relate that to the heating measured using 
our ultrafast Raman thermometry technique. From these measurements, I expect the 
effective temperatures to increase as the pump wavelength becomes more visible if 
absorption plays an important role in plasmonic heating.  
 Another approach to examine absorption-induced heating would be to perform the 
analogous experiment to the one in Chapter 4, but at a visible wavelength by modifying 
the ultrafast SERS instrument. In Figure 4.3a, I describe an experiment with a cross-
polarized pump beam at 518 nm and observe no transient temperature changes in the 
adsorbates due to the pump transferring energy to a different subset of adsorbates. By 
modifying the ultrafast SERS instrument, we can double the picosecond probe pulse 
through second harmonic generation by focusing the beam into a BBO crystal to generate 
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a probe pulse at 518 nm. This modification would allow us to pump and probe the same 
set of adsorbates using a visible beam where absorption-induced heating may play a 
larger role than scattering-induced heating.  
 From these experiments, we can quantify the absorption-induced plasmonic 
heating and combine it with our measurements of the scattering-induced plasmonic 
heating to determine the overall degree of plasmonic heating. Based on reports in the 
literature,
8,175
 I suspect that the absorption-induced heating will be higher than that 
observed for scattering-induced heating processes.  
7.2 Mode-Specific Energy Transfer to Adsorbates on Plasmonic Materials  
 Mode-specific energy transfer is an exciting potential application of molecular-
plasmonic systems. One goal of selective chemical catalysis is the ability to preferentially 
transfer energy into a specific bond of an analyte to drive a chemical reaction.
120
 This 
selective energy transfer may be possible with plasmon-molecule coupled systems. 
Selective plasmonic energy transfer may occur in several ways, including the coupling of 
a molecule-plasmonic material that generates hybridized orbitals that have a preferential 
resonance with a specific mode,
124
 or through orientation of the molecule in the hot spot, 
where the energy transfers directly from the plasmonic surface to the adsorbed molecules 
via localized plasmonic heating.  
To monitor mode-specific energy transfer in plasmonic-molecular systems, we 
need to be able to measure the energy flow into and through the adsorbates. As discussed 
in Chapter 4, the time resolution of the current instrument was unable to detect 
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intravibrational redistribution (IVR) within the two plasmon-molecule systems studied. 
Based on the comparison to IVR time scales in non-plasmonic systems, which occurs 
within 1-2 ps of photoexcitation with similar molecules,
127
 the time scale for IVR for 
molecules adsorbed to plasmonic substrates may be faster than the time resolution of the 
current instrument as discussed in Chapter 4. The time resolution of the ultrafast SERS 
instrument is limited due to the inverse relationship between time and frequency, where 
an improvement in time resolution would lead to a decrease in spectral resolution. A 
possible solution would be to employ a stimulated Raman technique,
176
 like SE-FSRS 
(discussed in Chapter 2), which has femtosecond time resolution. The enhanced time 
resolution would allow for the tracking of energy as it flows through the molecule and 
may provide insights into what type of energy transfer leads to plasmon-mediated 
catalysis. 
Mode-specific energy transfer may also occur at later times after plasmon 
excitation. As discussed in Chapter 2, plasmons eventually dissipate their energy as heat 
in tens to hundreds of picoseconds.
80
 In transient absorption studies of plasmonic 
nanoparticles,
79
 the spectra showed a beating pattern at later time points associated with 
the breathing of the hot metal lattice after electron-phonon scattering.
9
 As the metal 
lattice cools, some of this energy may transfer to adsorbed molecules on the surface. 
However, it is unknown if this energy would transfer preferentially to modes associated 
with bonds closet to the plasmonic substrate and then dissipate across the molecule or if 
the transferred energy would follow a different pathway. While this dissertation focuses 
upon early time dynamics of plasmonic heating, the current instrument can examine 
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dynamics up to 250 ps after plasmon excitation. If energy transfers from the phonon 
modes of the metal into the adsorbates, the spectra obtained from the molecules should 
reflect similar beating patterns as those observed in the transient absorption studies.  
Preliminary studies of mode-
specific energy transfer examined the 
transfer of energy from aggregated 
AuNPs to adsorbed 7-
(trifluoromethyl)quinoline-4-thiol (CFQ) 
molecules between -10 and 200 ps. 
Similar to the experiments described in 
Chapter 4, the sample was photoexcited 
at 518 nm, and spectra were obtained 
with a 1035 nm probe pulse (Figure E2). 
The spectra were analyzed using a 
Boltzmann distribution analysis to obtain 
Figure 7.1. For these data, the effective 
temperature at each time point is 
normalized with respect to the temperature for each mode measured in the pump off 
spectrum. Thus, the scale bar reports the change in relative energy (Δ Energy) between 
the various modes and time points. As can be seen in Figure 7.1, three of the four modes 
for CFQ show no change in energy upon photoexcitation. However, the 751 cm
-1
 mode 
 
Figure 7.1 Energy distribution of various 
modes of 7-(trifluoromethyl)quinoline-4-
thiol (CFQ, inset) adsorbed to aggregated 
AuNPs upon photoexcitation at 518 nm. 
Energy appears to transfer from the metal 
phonon mode to only one mode in CFQ. 
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exhibits an elevated baseline as well as oscillatory features after 50 ps. Potentially, these 
oscillations may arise from the breathing of the hot metal lattice, similar to the transient 
absorption studies mentioned previously.  
Unfortunately, this experiment requires further optimization before any 
conclusions can be reached. The error bars for the 751 cm
-1
 mode are quite large and 
arise from sample instability over the course of the measurement. Sample stability for 
anti-Stokes and Stokes measurements is critical for extracting any useful information 
from the system. Additionally, sample heterogeneity also affects the resolution of the 
later time dynamics in these systems. Multiple samples exhibit these oscillatory features, 
however, the dynamics are slightly offset from each other (Figure E3), which makes 
sample averaging difficult. To monitor mode-specific energy transfers, further work 
needs to be done to optimize sample preparation, which may involve choosing a different 
analyte and plasmonic substrate for this measurement. By comparing various modes of an 
adsorbate, we can determine how energy transfers from the plasmonic substrate and 
flows through the molecules, leading to a better understanding of plasmon-molecule 
interactions that may occur during plasmonic photocatalysis.  
7.3 Alternative Materials for Plasmonic Photocatalysis 
 Alternative plasmonic materials are of a great interest as they are more abundant, 
cost-effective, and support broader LSPRs, as compared to more traditional materials.
177
 
These alternative materials include aluminum,
157
 metal oxides,
158
 metal nitrides,
159
 and 
metal chalcogenides.
160
 The application of non-traditional plasmonic materials may 
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increase the viability of plasmonic processes for industrial applications due to newly 
accessible surface chemistry and plasmon decay pathways. While further characterization 
is needed, these new and exciting materials will allow for the increased efficacy of 
plasmonic materials in a broad range of applications. 
In Chapter 6, I discussed the recent application of Cu2-xSe NPs as a plasmonic 
substrate capable of plasmon-mediated NBT dimerization that can be monitored with 
SERS. These initials measurements are extremely promising for the future application of 
these particles towards plasmonic photocatalysis. Unlike traditional plasmonic materials, 
like gold and silver, the plasmon supported by Cu2-xSe NPs consists of excess holes in the 
valence band, generated by copper deficiencies introduced during synthesis.
156
 Upon 
photoexcitation, the plasmon is the collective oscillation of the excess holes in the 
valence band. The plasmon then decays to generate hot holes instead of hot electrons, 
which arise in more traditional materials.
178
 Thus, Cu2-xSe NPs show promise as 
photocatalysts for oxidation reactions, like alcohol oxidation or ethylene epoxidation. 
Additionally, we can potentially quantify the hot holes produced upon plasmon excitation 
by using a hole acceptor, like catechol, as an analyte. By monitoring Raman modes of 
catechol for frequency shifts, we can correlate the frequency shifts to the addition of 
holes to the molecules. 
 In addition to chemistry mediated by hot holes, Figure 6.3 shows that Cu2-xSe NPs 
can dimerize NBT to DMAB, which is a multi-electron reaction. Though these particles 
primarily produce hot holes, the electrons of the initial electron-hole pairs may be 
energetic enough to drive these reactions, even though they are not as energetic as hot 
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electrons produced on noble metals. Due to the successful NBT dimerization, Cu2-xSe 
NPs may be capable of catalyzing other plasmon-mediated processes, such as CO2 
reduction.  
Beyond plasmon-mediated catalysis, Cu2-xSe NPs show promise as photothermal 
therapy agents,
161
 which suggests that heating may play a larger role in plasmonic 
photocatalysis for these particles as compared to AuNPs. Due to the strong LSPR in the 
NIR, the plasmonic heating response may differ from that of similar gold nanoparticles. 
Measuring the localized heating of the adsorbates, similar to the experiments described in 
Chapter 4, would help to characterize these new materials and allow for a better 
comparison to more traditional materials.  
Besides copper chalcogenides, there are various other non-noble metal materials 
that can support plasmons, like aluminum. Aluminum, similar to copper chalcogenides, is 
a cost-effective, earth-abundant alternative for plasmonic applications, with great promise 
as a highly selective plasmon photocatalyst. For example, aluminum nanocrystals 
(AlNCs), coupled with small amounts of catalytic metals,
179
 like Pd, can efficiently drive 
industrial relevant reactions, like acetylene hydrogenation, with greater selectivity than 
traditional catalysts.
4
 The suggested mechanism for this selectivity is that the plasmon of 
the AlNCs is excited with resonant light. The plasmon decays into hot carriers and the hot 
electrons transfer to the Pd catalysts. The presence of the electrons injected into the Pd 
modifies the reaction dynamics of the hydrogenation at the Pd reaction sites, leading to 
greater selectivity.  
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Using ultrafast SERS, we can further elucidate this mechanism for increased 
selectivity of AlNC-Pd nano-antenna reactors by monitoring the formation of 
intermediates and products upon plasmon excitation. The electromagnetic field 
enhancement of AlNCs is sufficient for SERS,
180
 and based on theoretical predictions, the 
maximum field enhancement should occur near the interface between the Pd catalytic 
islands and the AlNC surface (Figure E4). In collaboration with the Halas group, we 
obtained AlNC-Pd nano-antenna reactors and prepared samples for ultrafast SERS 
measurements by dropcasting the particles onto a glass slide with an analyte. Initial 
studies were hampered by lack of analyte binding to the surface of the particles, most 
likely due to the presence of a self-terminating amorphous alumina layer on the 
AlNCs.
157
 Preliminary studies for ultrafast SERS on AlNC-Pd nano-antenna reactors 
focused on obtaining measurable SERS signal in the NIR and monitoring for any 
plasmon-induced transient effects that may be probed by an adsorbed analyte. Figure 7.2a 
shows ultrafast SER difference spectra for catechol adsorbed to AlNC-Pd after excitation 
at 518 nm in various shades of red. Three catechol peaks appear in the pump-off 
spectrum (black). The difference spectra in Figure 7.2a can be described as ‘ultraflat’, 
where there are no transient dynamics in the form of peak growths or depletions at any 
time points. There may be some depletion arising around time zero, however due to the 
signal-to-noise we are unable to extract any additional information.  
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Figure 7.2 Catechol adsorbed to AlNC-Pd nano-antenna reactors monitored with 
ultrafast SERS and UV-Vis spectroscopy. (a) ultrafast surface-enhanced Raman 
difference spectra show minimal response upon photoexcitation with 518 nm. (b) 
Extinction spectrum of AlNC-Pd nano-reactors with catechol has decreasing LSPR 
magnitude in the NIR. The inset is a transmission electron micrograph of the AlNC-Pd 
nano-antenna reactors.  
Although initial ultrafast SERS studies of AlNC-Pd nano-antenna reactors were 
not fully successful, future studies are still possible with the following modifications. One 
issue with the measurement described in Figure 7.2a is the coupling of the SERS probe 
pulse with the LSPR of the AlNCs. Primarily, the LSPR of AlNCs appears in the visible 
region of the electromagnetic spectrum. Figure 7.2b is an extinction spectrum of the 
sample used for the experiment in Figure 7.2a and the inset of Figure 7.2b is a 
transmission electron micrograph of the AlNC-Pd nano-antenna reactors. As can be seen 
in Figure 7.2b, the LSPR magnitude begins to decay rapidly in the NIR, which hinders 
SERS measurements at 1035 nm. With the modifications to the SERS instrument, as 
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described in 7.1, the ability to successfully probe this system significantly increases. 
Additionally, the nano-antenna reactors are being continuously improved for plasmonic 
applications by the Halas group.
179,181
 Further modifications include changing the 
structure of the amorphous alumina layer to γ-alumina through an annealing process, as 
well as changing the synthetic procedure to make the AlNCs more hydrophilic. These 
modifications will allow for further characterization of these materials using ultrafast 
SERS as well as increasing their applicability to plasmonic photocatalytic processes.  
 In conclusion, I have shown that ultrafast SERS is a useful technique for 
advancing the understanding of the mechanism for plasmon-mediated photochemistry. 
Ultrafast SERS can measure the partitioning of energy into both hot carriers and into 
localized heating, and the impacts of these energy pathways on plasmonic photocatalysis. 
Additionally, ultrafast SERS can be used as a tool to quantify various plasmonic 
responses, from localized heating to plasmon-driven chemistry, on a variety of materials 
and in various local environments. This information is vital for the further development 
of more efficient and selective plasmonic photocatalysts and their integration into 
industrial relevant processes. 
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A.1 Methods 
A.1.1 Sample Preparation 
Gold (III) chloride trihydrate, sodium citrate, and 4-nitrobenzenethiol (4-NBT) for 
sample preparation were obtained from Sigma-Aldrich and used without further 
purification. To synthesize colloidal gold nanoparticles (AuNPs), 4.1 mg of gold (III) 
chloride trihyrdrate dissolved in 41 mL of DI H2O was combined with 0.172 mL 1% by 
weight aqueous sodium citrate dihydrate under heat and stirring.
1
 The as-synthesized 
particles were centrifuged at 2600 g for 0.5 to 1 hour and concentrated by removing 2.94 
mL of supernatant from 3 mL of sample. The particles were aggregated in a 1.7 mL 
microcentrifuge tube with 70 µL of a saturated 4-NBT aqueous solution, 105 µL to 150 
µL of 0.100 M KNO3 and 262 µL to 180 µL of DI H2O. The concentration of the 
saturated 4-NBT solution was measured by UV-visible spectroscopy to be approximately 
200 µM, well in excess of that required for the formation of a monolayer of 4-NBT on 
the AuNP substrates. The sample was transferred to a 2 mm pathlength quartz cuvette 
(Starna 21-Q-2) for all measurements. Samples were stirred throughout the course of the 
experiment to refresh the sample in the irradiated volume and to minimize precipitation 
of the aggregated particles.  
A.1.2 Ultrafast SERS Instrumentation 
Ultrafast SERS measurements were performed using the instrument described 
previously.
2
 Some modifications were made to include a commercial NOPA (Clark-MXR 
iNOPA) as described below and depicted schematically in Figure A1. The instrument 
utilized a Yb-doped fiber-based amplified laser (Clark-MXR Impulse), which produced 
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<250 fs pulses centered at 1035 nm at 2 MHz repetition rate, with an average power of 
20.5 W. To generate the picosecond probe pulse, 8 W of the incident beam entered a 
spectral filter constructed in a retroreflecting geometry
3
, which contained a transmission 
grating (LightSmyth Technologies LSFSG-1000-3212-94) to disperse the beam and a 100 
mm focal length cylindrical lens (Newport CKX100AR.16) to image the beam onto a slit. 
The spectral width of the filtered output was 12.6 cm
-1
, as measured from the 801 cm
-1
 
peak of cyclohexane. Pump wavelengths used for excitation were 700, 750, 800, and the 
fundamental wavelength of 1035 nm. For wavelengths other than 1035 nm, a commercial 
NOPA generated the pump beam from the Impulse output with a repetition rate of 2MHz 
at 16 W. The bandwidth of the NOPA output at 700 nm, 750 nm and 800 nm was 16 nm, 
28 nm and 50 nm, respectively. Unwanted NIR wavelengths from the NOPA output were 
removed by placing two 950 nm shortpass filters (Thorlabs FESH0950 and FES0950) 
before the sample. A 100 mm focal length achromatic lens (Edmund Optics 49-374) 
focused the pump and probe beams onto the sample to a spot size of approximately 120 
microns. The probe power was 24.5 mW and the pump power ranged from 10 to 150 
mW. After the sample, a spatial filter blocked pump transmission, and a 60 mm focal 
length lens (Thorlabs, LA1134-C) collimated the spontaneous Raman signal. An 
additional longpass filter (Thorlabs FEL1100) was used to further reduce pump beam 
scatter. A 100 mm focal length achromatic lens (Thorlabs, AC254-100-C) focused the 
Raman signal into a 0.3 m spectrograph (Princeton Instruments SP2300i) equipped with a 
600 gr/mm, 750 nm blaze grating. A 1064 nm Raman filter (Edmund Optics 47-510) 
directly before the spectrograph removed any remaining 1035 nm light from the Raman 
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signal. A 1024 pixel, liquid nitrogen cooled InGaAs photodiode array (Princeton 
Instruments PyLoN-IR 1.7) was used for detection of the Stokes-shifted spontaneous 
Raman scattering.  
 
Figure A1. Schematic depiction of the ultrafast SERS instrument. Acronym used in the figure are 
non-colinear optical parametric amplifier (NOPA). Adapted with permission from ref. 2. 
 
A.1.3 Data Collection and Processing 
Each ultrafast SER spectrum consists of 3 averaged frames integrated for 20 
seconds with the probe beam. For pump-probe measurements, a delay stage (Newport 
XMS50) in the pump path allows for data acquisition at various time points. The time 
resolution of the 24.5 MHz set-up is 3.6 ps, which is determined from an optical Kerr 
effect measurement in benzene and the time resolution of the 2 MHz set-up is 2.4 ps. 
Normally, a pump-off spectrum is taken followed immediately by a pump-on spectrum at 
each time point. After the spectra are averaged, the pump-off spectrum is subtracted from 
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the pump-on spectrum to see the effects of excitation at different time delays. However, 
there is a great deal of static background from the pump beam which makes the 
difference spectra from this subtraction difficult to interpret due to the large background. 
Instead of subtracting a pump-off spectrum, a spectrum at -50 ps is taken with the pump 
on and this spectrum is used as a substitute for the pump-off spectrum. At -50 ps, the 
probe pulse arrives before the pump pulse, thus the spectrum only shows the static 
background from the pump without any sample dynamics due to excitation. Pump-off 
spectra are still obtained periodically throughout a scan by blocking the pump beam with 
a mechanical shutter (Picard Industries) to account for sample changes throughout an 
experiment.  
A.1.4 Data Fitting 
The peaks in the transient ultrafast SER spectra were fit to a Gaussian lineshape to 
obtain peak amplitudes using IGOR. The amplitudes were normalized using the 
respective peak amplitudes from the pump-off spectrum to obtain percent amplitude 
decrease relative to the initial signal magnitude. These amplitudes were plotted and then 
fit to a convolution between an exponential decay and the Gaussian instrument response 
with the addition of a sigmoidal function with an offset for later time points to obtain the 
kinetics for the transient features. Figures A2 & A3 include representative ultrafast SER 
spectra and kinetic fits for 1035 nm pump excitation at 5.92 nJ (24.5 MHz) and 35 nJ (2 
MHz), respectively. Table A1 and A2 lists time constant values determined for 1035 nm 
pump data for powers ranging between 0.4 to 75 nJ. The kinetic fit for the1079 cm
-1
 peak 
in the 5 nJ transient spectra was not successful due to insufficient signal to noise.  
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Data collected at different pump wavelengths underwent the same fitting 
procedure. Table A3 lists time constant values of the 1343 cm
-1
 peak determined for 15 
nJ pump excitation for wavelengths ranging between 700 to 1035 nm. Figure A4 and A5 
show data for 15 nJ pump excitation at 700 and 800 nm, respectively. The error bars for 
the amplitudes in the kinetic fits come from the error associated with the Gaussian fit 
applied to each transient peak.  
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Figure A2. (a) Ultrafast surface-enhanced 
Raman difference spectra obtained upon 
excitation with 5.92 nJ of 1035 nm pump 
pulse, resulting in a transient signal decrease 
for 4-nitrobenzenthiol modes. (b) convolved 
fit of 1079 cm
-1
 amplitudes from (a) and 
instrument response which yields a lifetime of 
1.4 ± 0.2 ps for the transient peak depletion. 
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Figure A3. (a) Ultrafast surface-enhanced 
Raman difference spectra obtained upon 
excitation with 35 nJ of 1035 nm pump pulse, 
resulting in a transient signal decrease for 4-
nitrobenzenthiol modes. (b) convolved fit of 
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1343 cm
-1
 amplitudes from (a) and instrument 
response which yields a lifetime of 2.4 ± 0.3 
ps for the transient peak depletion. 
 
Table A1. Lifetimes of transient bleach features as a function of pump power 
dependence, 2 MHz repetition rate  
Pulse Energy 
(nJ) 
1079 cm
-1
 peak 
(ps) 
1343 cm
-1
 peak 
(ps) 
5 - 2.4 ± 0.3 
15 1.8 ± 0.2 3.3 ± 0.2 
25 4.4 ± 0.5 5.7 ± 0.6 
35 2.0 ± 0.3 2.4 ± 0.3 
45 2.7 ± 0.2 4.0 ± 0.7 
55 2.8 ± 0.3 2.5 ± 0.1 
75 2.4 ± 0.2 1.2 ± 0.1 
 
Table A2. Lifetimes of transient bleach features as a function of pump power 
dependence, 24.5 MHz repetition rate 
Pulse Energy 
(nJ) 
1079 cm
-1
 peak 
(ps) 
1343 cm
-1
 peak 
(ps) 
0.41 1.9 ± 0.8 1.5 ± 0.1 
1.22 2.8 ± 0.2 2.3 ± 0.1 
2.04 1.9 ± 0.3 2.2 ± 0.1 
2.65 3.6 ± 0.2 3.0 ± 0.1 
3.67 3.9 ± 0.9 3.4 ± 0.8 
4.45 1.1 ± 0.2 1.0 ± 0.1 
5.92 1.4 ± 0.2 1.5 ± 0.1 
 
Table A3. Lifetimes of transient bleach features as a function of wavelength dependence, 
15 nJ excitation 
Wavelength (nm) 1343 cm
-1
 peak (ps) 
700 4.9 ± 0.5 
750 2.9 ± 0.2 
800 1.1 ± 0.1 
1035 3.3 ± 0.2 
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Figure A4. (a) Ultrafast surface-enhanced 
Raman difference spectra obtained upon 
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excitation with 15 nJ of 700 nm pump 
pulse, resulting in a transient signal 
decrease for 4-nitrobenzenthiol modes. (b) 
convolved fit of 1343 cm
-1
 amplitudes from 
(a) and instrument response which yields a 
lifetime of 4.9 ± 0.5 ps for the transient 
peak depletion. 
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Figure A5. (a) Ultrafast surface-enhanced 
Raman difference spectra obtained upon 
excitation with 15 nJ of 800 nm pump pulse, 
resulting in a transient signal decrease for 4-
nitrobenzenthiol modes. (b) convolved fit of 
1343 cm
-1
 amplitudes from (a) and instrument 
response which yields a lifetime of 1.1 ± 0.1 
ps for the transient peak depletion. 
 
A.2 Power Dependence 
Increasing pump energies may also affect the electron-phonon scattering lifetime. 
Previous transient absorption studies monitored the lifetime change with respect to pump 
power from 50 to 160 nJ.
4
 As the power increased, the lifetime of the LSPR bleach also 
increased. The relaxation lifetime of hot electrons is temperature dependent, thus when 
more energy is added to the system, relaxation times increase.
4
 However, our lifetime 
measurements do not increase at higher pump energies, with pump excitations ranging 
from 0.5 to 75 nJ (Table A1 & A2). Given the time resolution of our instrument, it is 
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difficult to resolve differences between the lifetimes measured at different pump energies. 
Additionally, transient absorption studies track changes occurring on the length scale of 
the whole nanoparticle, whereas SERS looks at the plasmon-molecule interaction in 
much smaller hotspot regions. The lack of a trend in the lifetime measurements with 
increased pump powers for our SERS measurements may simply arise from the 
differences between SERS and transient absorption measurements.  
 Although the electron-phonon coupling lifetime measured in our data does not 
appear to follow with transient absorption data, we believe the same physical 
phenomenon drives the LSPR shift. As the pump energy increases, we expect the thermal 
distribution of the electrons to increase. Before excitation, some of the conduction 
electron density extends beyond the physical nanoparticle. As the temperature of the 
electrons becomes elevated, the electron density is expected to extend even further from 
the particle. Additionally, the electron density is inhomogeneous across the aggregate 
volume.
5,6
 This increased charge delocalization potentially allows for greater interaction 
between hot electrons and molecules adsorbed to the aggregated nanoparticles’ surface.  
 Additionally, the adsorbed molecules may affect the properties of plasmonic 
nanoparticles.
7,8
 In other plasmonic systems, added adsorbates, which interact strongly 
with the plasmonic nanoparticle, result in stronger plasmon damping, leading to increased 
scattering of electrons at the nanoparticle/adsorbate interface.
7,9
 Hot electrons generated 
by plasmon excitation populate the surface of the plasmonic substrate and, if sufficiently 
energetic, may scatter to nearby adsorbed molecules to drive chemical reactions, like H2 
dissociation.
10,11
 Thus, the population of hot electrons may be unevenly distributed 
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among the aggregated nanoparticles in our sample due to the adsorbed 4-NBT molecules, 
resulting in the decreased charge density that results in the red shift of the LSPR. 
 Potentially more electrons are interacting with molecules adsorbed to the surface 
of the nanoparticle, a greater charge density change may arise from charge-transfer 
between the hot electrons and adsorbed molecules. However, we do not observe a 
frequency shift which would be expected upon charge-transfer to the adsorbate. There are 
several possible explanations for this observation. First, the charge transfer may occur but 
the quantum yield of the charge transfer may be too low for us to detect with our signal to 
noise. Additionally, 4-NBT may not undergo major frequency shifts upon the addition of 
an electron to the adsorbed molecule. The electrons could transfer to the solvent, water. 
Solvated electrons are known to live for nanoseconds, which would still allow them to 
drive chemistry.
12
 Finally, the electrons likely return to the aggregate instead of 
interacting with the molecules. Additionally, the perceived charge density decrease may 
arise from the electrons moving away from the molecules in the hot spot. Although the 
peak depletion magnitude is clearly dependent upon pump pulse energy, it is unclear 
whether the effect arises solely from a charge-transfer process with adsorbed molecules 
or nanoparticle expansion due to heating from hot electron-phonon interactions, or a 
combination of the two. 
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A.2.1 Estimation of the Number of Photons Driving Plasmon Excitation  
From the saturation point in the power dependence data (Fig. 3.4b), we estimated 
the number of photons that drive plasmon excitation in one Au aggregate by the 
following calculations. 
Photons/Pulse 
First, we determined the number of photons per pulse to be 2 x 10
10
 photons by 
using the pump excitation wavelength (1035 nm) to calculate the energy per photon and 
the pulse energy at the saturation point (4.4 nJ). 
Spot Size/Focal Volume 
Then we calculated the spot size to be 126 µm by measuring the power of the pump beam 
before and after a 50 µm diameter pinhole placed at the sample position and using the 
values in the following equation (A1): 
spot size = 2√
−2(
d
2
)
2
ln(1−
pa
pb
)
    (A1) 
where d is the diameter of the pinhole, pb is the power before the pinhole, and pa is the 
power after the pinhole. 
Number of Aggregates in the Focal Volume 
Next, we estimated the number of aggregates in the focal volume. To determine 
the size of an aggregate, we treated the aggregate as a spherical gold particle with an 
LSPR maximum > 1250 nm. Using an online widget for Mie scattering,
13
 we used the 
dielectric constants from Johnson and Christy to solve for the radius of the aggregate. We 
compared extinction plots while changing the radius until we obtained an extinction 
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spectra that had a local maximum around 1250 nm. From this widget, we estimated the 
aggregate radius to be ~150 nm.  
Using this size estimate and the known size of the monomer AuNPs, we 
determined that ~50 AuNPs make up an aggregate by dividing the volume of the 
aggregate by the volume of a AuNP and then multiplying the dividend by a scaling 
factor, 0.64, that takes into account the random packing of spheres within a sphere.
14
 We 
determined the monomer concentration in the as-synthesized sample based on the 
synthetic method, the size of the AuNP, and the Au unit cell. By generating a calibration 
curve with unaggregated samples at varying concentrations (Fig. A6), we determined the 
AuNP concentration in each sample by using the monomer peak in the spectra for the 
aggregated samples. From this concentration, we can estimate the number of AuNPs in 
the focal volume. Based on the monomer concentration, the number of aggregates in the 
focal volume is ~10
4
.  
     
Figure A6. Calibration curve for colloidal gold nanoparticles (a) Extinction spectra of 
unaggregated AuNP solutions at different concentrations; (b) Extinction measured at λmax 
(550 nm) plotted against concentration. The cuvette pathlength is 0.2 cm. 
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Photons/Aggregate/Pulse 
Using the number of aggregates in the focal volume and the number of photons 
per pulse, we determined that an aggregate interacts with ~10
6
 photons/pulse. However, 
there is also a possibility of plasmon re-excitation during one pulse interaction, due to the 
long pulse duration relative to the plasmon lifetime. Thus, we estimate the number of 
photons that interact with an aggregate after one pulse to be ~10
5
.  
Refresh Rate 
However, this value does not to take into account the refresh rate of the 
aggregates due to stirring. With assistance from Miss. Shweta Narayan from Prof. Cari 
Dutcher’s group, we determined the velocity of our stir system to be 2.5 cm/s. Using the 
spot area, we can estimate the refresh rate to be 1.2 x 10
-3
 mL/s, Using the refresh rate, 
we can determine how long an aggregate will be in the irradiated volume, which is 0.08 s. 
Using this length of time and the repetition rate of the laser, each aggregate interacts with 
~ 10
6
 pulses. With this additional information, we corrected our estimate for the number 
of photons per aggregate to be on the order of 10
11
. 
A.2.2 Determining the Degree of Charge Delocalization 
Using the magnitude of the LSPR red shift, we estimated that 10
9
 free electrons 
are displaced as a result of the charge density change due to plasmon excitation. To 
begin, we made several assumptions. First, SERS signal magnitude is proportional to 
LSPR magnitude. Thus, a 10% decrease in SERS signal due to LSPR red shift is 
equivalent to at 10% decrease in LSPR magnitude at that specific wavelength. Second, 
the comparison of the blue-edge of a Gaussian LSPR peak from literature to our positive 
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slope line LSPR is reasonable when assessing LSPR changes due to charge density 
changes. We also assume that the LSPR shift due to charge density changes is the same 
for both single particles and aggregates. 
Using Figure 6d in Collins et al.,
15
 we extrapolate the plot out to a scattering cross 
section change of 10%. We assume that the scattering cross section and extinction are 
essentially the same due to the size of our nanoparticles. When scattering cross section 
change is 10%, the resulting change in charge density is 0.7%. To estimate the number of 
electrons associated with this percentage, we needed to determine the total number of 
electrons associated with an aggregate. To do so, we took the estimated radius of the 
particles  and estimated the number of AuNPs that would make up a single aggregate 
(described previously). Using the number of AuNPs in an aggregate, the radius of the 
monomer (measured by SEM), and the number of atoms in a gold unit cell, we estimated 
the number of gold atoms in an aggregate, which is equivalent to the number of 
conduction electrons. We then took the number of conduction electrons, ~ 10
11
, and the 
percent change in charge density, to determine that ~10
9 
electrons are displaced upon 
plasmon excitation. 
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B.1 Methods 
B.1.1 Sample Preparation 
Colloidal gold nanoparticles were prepared by following the Frens method for 
citrate-capped gold nanoparticles with a listed diameter of 97.5 nm.
1
 Under heat and 
stirring, 5.4 mg of gold (III) citrate dissolved in 54 mL DI H2O were combined with 1% 
by weight aqueous sodium citrate dihydrate. After 15 minutes, nanoparticles were formed 
with an average diameter of 80 ± 30 nm, as measured by SEM (JEOL 6700F) using 
ImageJ software. Samples for ultrafast SERS were prepared by centrifuging 3 mL as-
synthesized gold nanoparticles for 30 minutes and removing 2.95 mL of the supernatant. 
For samples where 4-nitrobenzenthiol (4-NBT) is the analyte, the nanoparticles were 
aggregated to generate highly enhancing hot spots by adding 70 µL of saturated aqueous 
4-nitrobenzenethiol and 330 µL of 0.044 M potassium nitrate dissolved in DI water. For 
samples containing trans-1,2-bis(4-pyridyl)ethylene (BPE), the nanoparticles were 
aggregated with 50 µL of 0.18 mM trans-1,2-bis(4-pyridyl)ethylene dissolved in 190 
proof ethanol and 350 µL of 0.032 M potassium nitrate dissolved in DI water. For 
ultrafast measurements, the samples were placed in a 2 mm quartz cuvette with a stir bar. 
Stirring the samples minimized precipitation of the aggregates during measurements and 
refreshed the focal volume. Gold (III) chloride, sodium citrate dehydrate, potassium 
nitrate, 4-nitrobenzenthiol, and trans-1,2-bis(4-pyridyl)ethylene were obtained from 
Sigma Aldrich and used without further purification. Ethanol was obtained from 
Pharmco-Aaper. 
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Extinction spectra for the samples containing 4-NBT were obtained with a Cary-
14 UV-Vis spectrometer, while extinction spectra for the BPE samples were obtained 
with a Shimadzu UV-2600 UV-Vis spectrometer with an integrating sphere (Figure B1). 
 
Figure B1. Extinction spectrum of trans-1,2-
bis(4-pyridyl)ethylene adsorbed to aggregated 
gold nanoparticles 
B.1.2 Instrument Set-up 
A detailed description of the ultrafast SERS instrumentation has been published 
previously.
2
 In brief, <250 fs laser pulses, centered at 1035 nm from a fiber amplifier 
(Clark-MXR Impulse) were split with a 50:50 beam splitter to make the pump and probe 
beams. The pump beam at 518 nm was generated by SHG in a 3 mm beta-barium borate 
(BBO) crystal (Newlight Photonics), and the 1035 nm used a portion of the fundamental 
laser beam directly. The pump beam was sent onto a motorized delay stage (Newport 
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XMS500) before the sample to vary the time delay. To generate the narrowband 
picosecond probe beam, the femtosecond pulses were sent into a spectral filter where 
they were dispersed by a transmission grating onto a slit.
3
 After the sample, the 
spontaneous Raman scattering was directed to a spectrograph (Princeton Instruments, 
2300i) with a 600 gr/mm grating blazed at 750 nm or a 300 gr/mm grating blazed at 1 µm 
onto a 1024 pixel InGaAs array (Princeton Instruments PYLON-IR 1.7). For Stokes 
measurements, a 1064 nm Raman Edge filter (Edmund Optics 47-510) was placed before 
the spectrograph and for anti-Stokes measurements a 1000 nm short pass filter (Thorlabs, 
FESH1000) was used. The data were collected using home-written LabView code. The 
instrument response of this set-up is 2.8 ps, as measured by the optical Kerr effect in 
toluene while the spectral resolution is 13 cm
-1
,
 
 as measured from the 800 cm
-1
 mode of 
cyclohexane. 
The probe energy was 1 nJ with a spot size of 1 x 10
-4 
cm
2
 and the pump energies ranged 
from 1 to 10 nJ with a spot size of 5 x 10
-4
 cm
2
 for 1035 nm excitation and 6 x 10
-4
 cm
2
 
for 518 nm excitation. Each spot radius was determined by measuring the power before 
and after a 50 µm diameter pinhole at the sample position and placing the values in the 
following equation (B1): 
spot radius = 2√
−2(
d
2
)
2
ln(1−
pa
pb
)
    (B1) 
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where d is the diameter of the pinhole, pb is the power before the pinhole, and pa is the 
power after the pinhole. Table B1 & B2 list the probe and pump peak energy, fluence, 
flux, and peak power at 1035 nm and 518 nm, respectively. 
Table B1. List of photoexcitation and probe peak energy, fluence, flux, and peak power 
for each photoexcitation energy at 1035 nm 
Pump Peak Energy 
(nJ) 
Fluence 
(µJ/cm2) 
Flux 
(W/cm
2
) 
Peak Power  
 1 2 50 8 MW/cm
2 
0.3 J/cm
2 
 4 8 200 30 MW/cm
2
 1 J/cm
2
 
 10 20 500 80 MW/cm
2
 3 J/cm
2 
Probe 1 10 250 3 MW/cm
2
 0.1 J/cm
2 
Table B2. List of photoexcitation peak energy, fluence, flux, and peak power for each 
photoexcitation energy at 518 nm 
Pump Peak Energy 
(nJ) 
Fluence 
(µJ/cm2) 
Flux 
(W/cm
2
) 
Peak Power  
 1 2 40 6 MW/cm
2
 0.3 J/cm
2 
 4 7 160 26 MW/cm
2
 1.0 J/cm
2
 
B.1.3 Data Collection and Processing 
Each spectrum consists of 3 spectra that were acquired for 20s and averaged 
together. For each time point, a pump-only spectrum was obtained to subtract out the 
static pump background from each spectrum taken with both the pump and probe.  
B.1.4 Calculating the Wavelength-Dependent Instrument Response Function 
First, we obtained the specification sheets for the gratings (300 gr/mm blazed at 1 
µm and 600 gr/mm blazed at 750 nm) from Richardson Gratings and the InGaAs array 
(Pylon-IR 1.7) from Princeton Instruments. We then determined the wavelength of each 
mode on the anti-Stokes and Stokes sides of the laser line at 1035 nm and extrapolated 
the respective efficiencies of the detector components at each wavelength. To obtain the 
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overall detector efficiency, we multiplied the grating efficiency with the InGaAs array 
efficiency. The overall detector efficiency at each wavelength was then used to scale the 
amplitudes of the anti-Stokes and Stokes peaks to account for wavelength dependent 
detector efficiencies. . 
B.1.5 Estimating Thermal Contribution for Plasmonic Photocatalysis Reported in 
the Literature 
Using the power dependence from Figure 4.3b, we created a calibration curve for 
plasmonic heating with respect to the photoexcitation peak power (Figure B2). The 
examples chosen from the literature use continuous wave (CW) excitation while our 
experiments rely on pulsed lasers. To account for this difference, we converted our pump 
flux to peak power (Table B1) and assume that the plasmonic heating response is linear 
across the entire range of pump powers. Using the maximum excitation fluxes reported in 
the literature, we extrapolate the thermal contribution for each plasmon-driven process 
(Table B3) by inputting the flux into the equation obtained from the calibration curve 
(ΔTemperature = 1*10-6 (flux)). Due to the many assumptions and error in our calibration 
curve, we only report order of magnitude values for the scattering-induced thermal 
contribution in these examples. Our values agree with reports from some of the authors 
that heating of their samples does not produce similar reaction yields as 
photoexcitation.
4,5
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Figure B2. Calibration curve for plasmonic 
heating with respect to photoexcitation peak 
powers. The equation for the linear fit is 
Temperature = 1x10
-6
 flux  
Table B3. List of select literature examples of plasmonic photocatalysis and the 
estimated thermal contribution for each set of reaction conditions 
Ref. number in 
main text 
Reaction 
Flux 
(W/cm2) 
Thermal 
Contribution (K) 
5 H2O splitting 12000 0.01 
16 Ethylene Epoxidation 0.25 1 x 10
-7
 
43 Acetylene Hydrogenation 14.3 1 x 10
-5 
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Figure B3. Ultrafast surface-enhanced (a) anti-Stokes and (b) Stokes Raman spectra of 
trans-1,2-bis(4-pyridyl)ethylene adsorbed to colloidal gold nanoparticles with 200 W/cm
2
 
photoexcitation flux and 250 W/cm
2
 probe flux. Spectra are offset for clarity. 
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C.1 Methods 
C.1.1 Sample Preparation 
Citrate-capped AuNP Aggregates. Colloidal gold nanoparticles were prepared 
by following the Frens method for citrate-capped gold nanoparticles with a listed 
diameter of 97.5 nm.
1
 Under heat and stirring, 5.4 mg of gold (III) citrate dissolved in 54 
mL DI H2O were combined with 0.227 mL of 1% by weight aqueous sodium citrate 
dihydrate. After 15 minutes, nanoparticles were formed with an average diameter of 80 ± 
30 nm, as measured by SEM (JEOL 6700F) using ImageJ software. Samples for ultrafast 
SERS were prepared by centrifuging 3 mL as-synthesized gold nanoparticles for 30 
minutes and removing 2.95 mL of the supernatant. The nanoparticles were aggregated 
with 50 µL of 0.18 mM trans-1,2-bis(4-pyridyl)ethylene dissolved in 190 proof ethanol 
and 350 µL of 0.032 M potassium nitrate dissolved in DI water. For ultrafast 
measurements, the samples were placed in a 2 mm quartz cuvette with a stir bar. Stirring 
the samples minimized precipitation of the aggregates during measurements and 
refreshed the focal volume. Gold (III) chloride, sodium citrate dehydrate, potassium 
nitrate, and trans-1,2-bis(4-pyridyl)ethylene were obtained from Sigma Aldrich and used 
without further purification. Ethanol was obtained from Pharmco-Aaper. 
Mesoporous Silica AuNR. The mesoporous silica-coated gold nanorods 
(AuNRs@mSiO2) were synthesized with a modified Stöber method.
2
 First, the as-
purchased CTAB-stabilized AuNRs were centrifuged once to lower CTAB 
concentrations (1 mM CTAB-stabilized in water, OD = 1.1, 0.045 mg/mL of Au). The 
pellets of 0.45 mg of Au were resuspended in 1 mL of CTAB-decane micelle suspension 
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to yield 1 nM AuNRs. The micelle suspension was prepared by sonicating CTAB and 
decane mixture in water. The decane-CTAB mixture can form micelles which have been 
known to create larger pore diameters of silica shells than those of silica shells 
synthesized with just CTAB micelles.
3
 The CTAB and decane concentrations were 1.0 
mM and 1.5 mM, respectively. The 1 nM AuNRs suspension was transferred to 15 x 34 
mm vials with a magnetic stirring bar, and the suspension was stirred for at least 3 hours 
at room temperature. While continuously stirring, 5 µL of 0.1 M NaOH and 4 µL of 20% 
TEOS in ethanol were added, subsequently. The suspension was stirred again for 24 
hours. For AuNRs@mSiO2 modified with chlorotrimethylsilane (TMS) or 2-
[methoxy(polyethyleneoxy)9-12propyl]trimethoxysilane (PEG), 5 µL of 0.1 M NaOH was 
added again and stirred for 30 min. Then, excess TMS or PEG were added to the 
suspensions with stirring for the next 48 hours. For purification, the suspensions were 
centrifuged and resuspended in 6 mL of ethanolic ammonium nitrate solution (6 g of 
NH4NO3 in 1 L ethanol) and refluxed twice for 30 min at 60°C. After reflux, the 
suspensions were washed three times via centrifugation in 99% ethanol. The final 
products were stored in 99% ethanol. The average thickness of the silica shells at the tip 
was 8 ± 2 nm as measured by TEM (n=100). Tetraethylorthosilicate (TEOS), 
hexadecyltrimethylammonium bromide (CTAB) chlorotrimethylsilane (TMS) were 
purchased from Sigma Aldrich. 2-[methoxy(polyethyleneoxy)9-12propyl]trimethoxysilane 
(PEG, average molecular weight 657 g/mol) was purchased from Gelest. Decane was 
purchased from TCI Chemicals. CTAB-stabilized AuNRs (LSPR λmax=808 nm) were 
purchased from Nanohybrids and used without further surface functionalization. All 
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chemicals were used without further purification. For SERS measurements, 5 µL of 1.8 
mM BPE were added to 200 µL of 6 x 10
11
 nanorod/mL mesoporous silica AuNRs. The 
samples were allowed to incubate for 12 hours. 
Silica encapsulated AuNP dimers. Silica encapsulated AuNP dimers, also 
known as SERS440 nanotags, were obtained from Becton Dickinson. The samples 
consist of 60 nm diameter gold core with trans-1,2,-bis(4-pyridyl)ethylene adsorbed to 
the surface. The gold cores are surrounded with a ~50 nm thick silica shell. The sample 
contains primarily monomers, but also contain some dimers and oligomers which give 
rise to the SERS signal at 1035 nm. These samples were used without further 
purification. 
CTAB-capped AuNR. AuNR were obtained from Nanohybyrids. The AuNRs have a 
width of 9.9 ± 0.9 nm and a length of 42 ± 4 nm, with an aspect ratio of 4.2. The 
AuNRs are capped with CTAB and were used without further purification. For SERS 
measurements, 5 µL of 1.8 mM BPE were added to 200 µL of 7.5 x 10
11
 nanorod/mL 
AuNRs.  
C.1.2 Materials Characterization 
Extinction spectra for the samples were obtained with a Shimadzu UV-2600 UV-
Vis spectrometer with an integrating sphere. 
Transmission electron micrographs for the AuNRs@mSiO2 were taken with a FEI 
Tecnai T12 at 120 kV. The purified AuNRs@mSiO2 were dispersed in ethanol and 
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Formvar/carbon-coated copper grids (Ted Pella, INC, Redding, CA) were dipped into the 
ethanolic suspensions. The grids were then dried in air to prepare TEM samples. 
Scanning electron micrographs for bare AuNP aggregates and silica encapsulated AuNP 
dimers were taken with a JEOL 6700F at 5 kV and 10 kV, respectively. The samples 
were prepared by dropcasting 3 µL of the sample onto carbon-coated copper grids 
(Electron Microscopy Sciences) and left in air until the solvent evaporated. 
C.1.3 Instrument Set-up 
A detailed description of the ultrafast SERS instrumentation has been published 
previously.
4
 In brief, <250 fs laser pulses, centered at 1035 nm from a fiber amplifier 
(Clark-MXR Impulse) were split with a 50:50 beam splitter to make the pump and probe 
beams. The pump beam at the 1035 nm used a portion of the fundamental laser beam 
directly. The pump beam was sent onto a motorized delay stage (Newport XMS500) 
before the sample to vary the time delay. To generate the narrowband picosecond probe 
beam, the femtosecond pulses were sent into a spectral filter where they were dispersed 
by a transmission grating and then focused onto a slit with a cylindrical lens.
5
 After the 
sample, the spontaneous Raman scattering was directed to a spectrograph (Princeton 
Instruments, Acton SP2300) with a 300 gr/mm grating blazed at 1 µm onto a 1024 pixel 
InGaAs array (Princeton Instruments PYLON-IR 1.7). For Stokes measurements, a 1064 
nm Raman Edge filter (Edmund Optics 47-510) was placed before the spectrograph and 
for anti-Stokes measurements a 1000 nm short pass filter (Thorlabs, FESH1000) was 
used. The data were collected using home-written LabView code. The instrument 
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response of this set-up is 2.8 ps, as measured by the optical Kerr effect in toluene while 
the spectral resolution is 17 cm
-1
,
 
 as measured from the 786 cm
-1
 mode of toluene. 
For the ultrafast Raman thermometry measurements, the probe energy was 2 nJ 
with a spot size of 1 x 10
-4 
cm
2
 and the pump energy was 1 nJ with a spot size of 5 x 10
-4
 
cm
2
 for 1035 nm excitation. Each spot radius was determined by measuring the power 
before and after a 50 µm diameter pinhole at the sample position and placing the values 
in the following equation (C1): 
spot radius = 2√
−2(
d
2
)
2
ln(1−
pa
pb
)
    (C1) 
where d is the diameter of the pinhole, pb is the power before the pinhole, and pa is the 
power after the pinhole. Table C1 lists the probe and pump peak energy, fluence, flux, 
and peak power at 1035 nm. 
Table C1. List of peak energy, fluence, flux, and peak power for each photoexcitation 
and probe energy at 1035 nm 
Beam 
Peak Energy 
(nJ) 
Fluence 
(µJ/cm2) 
Flux 
(W/cm
2
) 
Peak Power 
Pump 1 2 50 8 MW/cm
2 
0.3 J/cm
2 
Probe 2.0 14 350 5.4 MW/cm
2
 0.22 J/cm
2 
 1.2 8.6 210 3.2 MW/cm
2
 0.13 J/cm
2
 
 2.9 20 490 7.5 MW/cm
2
 0.31 J/cm
2
 
 3.7 26 630 9.6 MW/cm
2
 0.39 J/cm
2
 
 4.5 31 770 12 MW/cm
2
 0.48 J/cm
2
 
 5.3 37 910 14 MW/cm
2
 0.57 J/cm
2
 
 6.1 43 1050 16 MW/cm
2
 0.66 J/cm
2
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C.1.4 Data Collection and Processing 
For the ultrafast SERS data, each spectrum consists of 3 spectra that were 
acquired for 10s and averaged together. For each time point, a pump-only spectrum was 
obtained to subtract out the static pump background from each spectrum taken with both 
the pump and probe. An example of the spectra obtained from these measurements is 
shown in Figure C1 for the silica encapsulated AuNP dimers with 50 W/cm
2
 
photoexcitation. 
  
Figure C1. Ultrafast surface-enhanced (a) anti-Stokes and (b) Stokes Raman spectra of 
silica encapsulated AuNP dimers with 50 W/cm
2
 photoexcitation flux and 500 W/cm
2
 
probe flux. Spectra are offset for clarity. 
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For the steady state measurements, each spectrum consists of 3 spectra that were 
acquired for 10s and averaged together. In Figure 5.4, each data point is the average of 4 
separate measurements of the anti-Stokes and Stokes Raman intensity ratio. Figure C2-
C5 shows representative spectra for each sample obtained at the fluxes listed in Figure 
5.4. 
 
Figure C2. Surface enhanced (a) anti-Stokes and (b) Stokes Raman spectra obtained on 
silica encapsulated AuNP dimers with fluxes ranging between 210 W/cm
2
 and 1050 
W/cm
2
. Spectra are offset for clarity. 
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Figure C3. Surface enhanced (a) anti-Stokes and (b) Stokes Raman spectra obtained on 
mesoporous silica AuNRs (TMS) with fluxes ranging between 210 W/cm
2
 and 1050 
W/cm
2
. Spectra are offset for clarity. 
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Figure C4. Surface enhanced (a) anti-Stokes and (b) Stokes Raman spectra obtained on 
citrate-capped AuNP aggregates with fluxes ranging between 210 W/cm
2
 and 1050 
W/cm
2
. Spectra are offset for clarity. 
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Figure C5. Surface enhanced (a) anti-Stokes and (b) Stokes Raman spectra obtained on 
CTAB-capped AuNRs with fluxes ranging between 210 W/cm
2
 and 1050 W/cm
2
. Spectra 
are offset for clarity. 
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Figure C6. Surface-enhanced (a) anti-Stokes and (b) Stokes Raman spectra obtained on 
mesoporous silica AuNRs (PEG) with fluxes ranging between 210 W/cm
2
 and 1050 
W/cm
2
. Spectra are offset for clarity 
 Mesoporous silica AuNRs (PEG). In addition to mesoporous silica AuNRs 
synthesized with a relatively hydrophobic silane (TMS), we also synthesized mesoporous 
silica shells with a more hydrophilic silane (PEG). Both syntheses generate similar 
mesoporous silica shell thickness and pore sizes. We performed the same set of 
experiments described for Figure 5.4 to obtain spectra at various fluxes (Figure C6). 
After fitting the 1200 cm
-1
 mode and normalizing the peak amplitudes with respect to the 
LSPR magnitude (Figure C7a) and the detector efficiency, we obtain a temperature for 
each flux (Figure C7b). Unsurprisingly, the temperatures are essentially identical to the 
TMS mesoporous silica AuNRs, which we would expect based on the similar properties 
between the two mesoporous silica shells. However, upon closer examination of the SER 
spectra in Figure C3 and C6, the signal magnitudes between the TMS and PEG 
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mesoporous silica AuNRs are comparable. Based on previous measurements, we would 
expect that the addition of PEG would limit access to the surface of the AuNR We did 
not see evidence of this which may be due to hydrolysis of PEG after synthesis or the 
lack of incorporation of PEG into the shell during synthesis. For these reasons, we 
removed the data from Chapter 5 and added it to Appendix C. Even with the uncertainty 
about the incorporation of PEG in the mesoporous silica shell, the results we obtained 
with these samples match with what we would expect for a mesoporous silica shell with 
similar pore sizes and overall thickness as the TMS samples and does not change any of 
our conclusions.  
   
Figure C7. Comparison of CTAB-coated and mesoporous silica coated AuNRs (a) 
Extinction spectrum for both mesoporous silica AuNR samples (TMS & PEG) and the 
CTAB-capped AuNRs (b) Temperature plotted against flux (and peak power) for both 
mesoporous silica AuNRs and CTAB-capped AuNRs. Both mesoporous silica samples 
exhibit similar heating responses as we would expect due to comparable pore sizes 
between the two samples. 
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C.1.5 Calculating Effective Temperature 
Applying Boltzmann Distribution Analysis. To calculate effective temperatures 
from the spectra collected, we apply a Boltzmann distribution analysis as described by 
the following equation (C2):
4
  
Effective Temperature (K) =
−Energy of Vibration (J)
kb∗ln(
Intensityanti−Stokes
C∗IntensityStokes
)
        (C2) 
where kb is the Boltzmann constant and C accounts for the wavelength dependent Raman 
scattering efficiency. We obtain the intensities by fitting the 1200 cm
-1
 peak, 
corresponding to the ethylene symmetric stretch of trans-1,2-bis(4-pyridyl)ethylene, to a 
Gaussian to extrapolate out the peak amplitudes. Before we can apply the Boltzmann 
distribution analysis, we must account for the wavelength dependent enhancement of 
SERS,
6
 by normalizing the Raman intensities by the LSPR magnitude at the respective 
wavelength for the anti-Stokes and Stokes Raman peak. During this step, we also scale 
the Raman intensities with respect to the detector efficiency at the respective 
wavelengths, as described below. Once properly scaled, the intensities can be used in 
Equation C2 to obtain an effective temperature for each data point. 
Calculating the Wavelength Dependent Instrument Response Function. First, 
we obtained the specification sheets for the grating (300 gr/mm blazed at 1 µm) from 
Richardson Gratings and the InGaAs array (Pylon-IR 1.7) from Princeton Instruments. 
We then determined the wavelength of each mode on the anti-Stokes and Stokes sides of 
the laser line at 1035 nm and extrapolated the respective efficiencies of the detector 
components at each wavelength. To obtain the overall detector efficiency, we multiplied 
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the grating efficiency with the InGaAs array efficiency. The overall detector efficiency at 
each wavelength was then used to scale the amplitudes of the anti-Stokes and Stokes 
peaks to account for wavelength dependent detector efficiencies. An additional correction 
factor was added to the overall detector efficiency to account for day to day changes, 
which may arise due to differences in alignment. The correction factor was obtained by 
fitting the 786, 1004, and 1211 cm
-1
 of toluene and applying the Boltzmann distribution 
analysis described above. If the temperatures obtained were not within error of room 
temperature, a correction factor was extrapolated based on the difference between the 
measured temperature and room temperature. This correction factor was then applied to 
the overall detector efficiency and used to scale spectral intensities before the Boltzmann 
distribution analysis. 
C.1.6 Specific Heat Capacity and Thermal Conductivity for Each Material 
Estimating Heat Capacity and Thermal Conductivity for Mesoporous Silica 
AuNRs. Table C2 lists the heat capacity and thermal conductivity of each material near 
the adsorbates. The thermal properties for the mesoporous silica AuNRs are a 
combination of the mesoporous silica shell and the solvent present in the pores. Based 
upon the average pore size (7 ± 3 nm) and previously published surface area 
measurements taken before and after analyte addition,
7
 we assume that the solvent 
contribution to the thermal properties of  mesoporous silica AuNRs is 25 – 33%. Thus, 
we can estimate the thermal properties for the mesoporous silica AuNRs as shown in 
Table 5.1 and C2. 
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Table C2. Specific heat capacities and thermal conductivities for each material near the 
adsorbates 
Material Specific Heat Capacity Thermal Conductivity 
water 4.18 J/g K 0.59 W/ m K 
ethanol 2.46 J/g K 0.169 W/ m K 
silica 
0.73 J/g K
8
 1  ̶  1.4 W/ m K9,10 
mesoporous silica 
0.84 J/g K
8
 0.2  ̶  0.4 W/m K11,12 
mesoporous  silica AuNRs 
> 0.84 J/g K 0.2  ̶  0.3 W/m K 
CTAB-capped AuNRs 1.6 – 4.18 J/mL K13,14 0.22 – 0.24 W/m K13,14 
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D.1 General Methods and Materials 
Copper(I) chloride (CuCl, > 99.995%), selenium powder (Se, > 99.5%), 
octadecene (ODE, 90% technical grade), oleylamine (OLA, 70% technical grade), 
chloroform (> 99%), polyvinylpyrrolidone (PVP, average molecular weight 10,000), 
benzenethiol (BT, ≥ 98%), 4-nitrobenzenethiol (NBT, 80% technical grade) were 
purchased from Sigma Aldrich (St. Louis, MO). Absolute ethanol (EtOH) was 
purchased from Thermo Fisher Scientific (Pittsburgh, PA). All chemicals were used as 
received with no additional purification unless otherwise noted. Prior to use, all 
glassware and Teflon stir bars were washed in aqua regia and rinsed with copious 
amounts of water prior to oven drying. Caution: aqua regia is highly toxic and 
corrosive, and should only be used with proper personal protective equipment and 
training. Aqua regia should be handled only inside a fume hood. 
D.2 Synthesis of OAm Capped Cu2-xSe NPs 
Cu2-xSe NPs were synthesized using a previously described hot injection 
method.
1,2
 The synthetic procedure was completed using standard air-free techniques and 
is described in detail below. The selenium-octadecene-oleylamine mixture was created by 
dissolving 80 mg Se in 1 mL of ODE  and 2 mL of OLA. The solution was heated in a 
round bottom flask for 12 hrs under argon gas at 195 °C. In a 3-neck round bottom flask, 
200 mg CuCl was added with 5 mL OLA and 5 mL of ODE. The Cu-ODE-OLA mixture 
was heated to 140 °C under vacuum for 30 min then heated to 285 °C under Ar. Then, the 
Se mixture was injected into the Cu mixture. The precursors reacted for 10 min at ~285 
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°C to form Cu2-xSe NPs. The NPs were cooled to room temperature by removing the 
heating mantle. 
The Cu2-xSe NP product was purified via centrifugation. First, the as-synthesized 
NPs were transferred to glass centrifuge tubes containing 10 mL of EtOH and centrifuged 
in an Eppendorf 5804R centrifuge with a swing bucket rotor (A-44-4) (Eppendorf, Inc.) 
at a force of 2850 rcf at 20 °C for 5 min. The resulting supernatant was removed and the 
pellet was resuspended in a small amount of CHCl3 for additional centrifugation in 
another 10 mL of EtOH. This washing procedure was repeated once. All purified NPs 
were then characterized by high resolution transmission electron microscopy (HRTEM), 
ultraviolet-visible-near infrared (UV-vis-NIR) extinction spectroscopy, powder X-ray 
diffraction (PXRD), and Raman spectroscopy. 
D.3 Ligand Exchange of Cu2-xSe NPs with 10 kDa PVP 
Purified OAm capped Cu2-xSe NPs were dispersed in 4 mL CHCl3. 6 mL of 8 mM 
of 10 kDa PVP solution in CHCl3 was added into the dispersed NP solution and the 
mixture solution was left stirring overnight at room temperature. After incubation, the 
Cu2-xSe NP product was purified via centrifugation. First, the as-synthesized NPs were 
distributed to Eppendorf tubes in aliquots of 0.5 mL. 1 mL hexanes were added into the 
Eppendorf tubes and centrifuged in an Eppendorf 5424 centrifuge with a fixed angle rotor 
(F-45-30-11) (Eppendorf, Inc.) at a force of 15,000 rpm at 20 °C for 10 min. The 
resulting supernatant was removed and the pellet was resuspended in a small amount of 
CHCl3 for additional centrifugation in another 1 mL of hexanes. This washing procedure 
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was repeated once. All purified NPs were then characterized by HRTEM, UV-vis-NIR 
extinction spectroscopy, and Raman spectroscopy.  
D.4 High Resolution Transmission Electron Microscopy (HRTEM) 
 Cu2-xSe NPs were prepared for electron microscopy by drop casting an aliquot of 
purified NP solution (diluted 1:10 or 1:100 with CHCl3) onto carbon film-coated copper 
transmission electron microscopy (TEM) grids (Ted Pella, Inc.) for routine bright field 
imaging analysis. TEM characterization was performed on a Hitachi H9500 
Environmental TEM with an accelerating voltage of 300 kV (NanoScale Fabrication and 
Characterization Facility, Petersen Institute of NanoScience and Engineering, Pittsburgh, 
PA). The size distributions of the NPs were determined from TEM images of at least 200 
NPs from various areas of the grid using ImageJ 1.47d (National Institutes of Health, 
USA). 
D.5 Powder X-ray Diffraction (PXRD) 
 Purified Cu2-xSe NPs were characterized by PXRD using a Bruker AXS D8 
Discover XRD (NanoScale Fabrication and Characterization Facility, Petersen Institute 
of NanoScience and Engineering, Pittsburgh, PA) at 40 kV, 40 mA for Cu Kα (λ = 
1.5406 Å) X-ray source with a scan speed of 0.7 s/step from 10.00 - 90.00° with a step 
size of 0.02°. Samples were prepared by drop casting an aliquot of purified NP solution 
(diluted 1:10 or 1:100 with toluene) on a glass microscope slide (Fisher Scientific). All 
spectra were baseline corrected with respect to the spectrum of the amorphous glass 
background. 
184 
 
 
Figure D1. Representative PXRD pattern of Cu2-xSe NPs referenced to PDF # 
00-006-0680 
The lattice parameter (a) of the antifluorite structure was determined using the PXRD 
peak at 27°, which corresponds to the cubic (111). Using the Bragg equation described 
below: 
𝑎 =
𝜆√ℎ2+𝑘2+𝑙2
2𝑠𝑖𝑛(𝜃)
     (D1) 
where λ is the X-ray source, h=k=l=1, the lattice parameter was calculated to estimate the 
volume of the unit cell for the quantification of NP concentration (vide infra). 
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D.6 Additions of Raman Analytes to Cu2-xSe NPs 
 250 µL of OAm capped Cu2-xSe NPs with an estimated optical density of ~5 at 
the LSPR maximum was added into a 1.5 mL Eppendorf tube, and BT and NBT solutions 
of concentrations ranging from 0 to 100 mM were added into the Eppendorf tubes to 
reach a final solution volume of 1.5 mL. The mixture solution was thoroughly mixed by 
incubation on the thermomixer (Eppendorf R Thermomixer) for at least an hour. The 
mixture solutions were then characterized by UV-vis-NIR extinction spectroscopy and 
Raman spectroscopy. Note that NPs were not purified after the addition of analytes to 
prevent NP instability, the concentration of analytes in solution is in excess compared to 
the NP concentration. 
D.7 Analysis of Cu2-xSe NPs as a Function of Raman Analyte Addition 
 The LSPR properties of Cu2-xSe NPs before and after the addition of Raman 
analytes such as BT and NBT were measured using a UV-vis-NIR spectroscopy. As a 
function of increasing analyte concentrations, the LSPRs of Cu2-xSe NPs redshifted and 
plateaued (Figure D2). This observation resulted from the interaction between the thiol 
binding moiety present in both the Raman analytes and the NP surface, where the more 
electron donating thiolated headgroups reduce the carrier densities in Cu2-xSe NPs 
quantified using the Drude model. These results also indicate that BT is a more electron 
donating analyte than NBT, since the resulting redshifts are more dramatic (from 1080 
nm to 1450 nm instead of 1200 nm). Using this study, we could then estimate the 
maximum surface coverage of Raman analytes on Cu2-xSe NPs, which is an important 
figure of merit for the SERS EF measurement. 
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Figure D2. Shifts of LSPR maximum for OAm capped Cu2-xSe NPs as a function of increasing 
(a) BT and (b) NBT concentration in CHCl3 
D.8 Method for Inductively Coupled Plasma Optical Emission Spectrometry 
Analysis 
 ICP-OES analysis was performed using an argon flow with an Optima 
spectrometer (Perkin Elmer, Inc.). An aqua regia solution was prepared with a 3:1 ratio of 
hydrochloric acid (Sigma Aldrich, > 99.999% trace metal basis): nitric acid (Sigma 
Aldrich, > 99.999% trace metal basis) and diluted with water for a 5% v/v aqua regia 
matrix. Unknown Se and Cu concentrations were determined by comparison to a 7-point 
standard curve with a range of 0.10 - 10 ppm Cu and Se (0.10, 0.50, 1.0, 2.5, 5.0, 7.5, and 
10 ppm of each metal prepared by volume) using a selenium standard for ICP (Fluka, 
TraceCERT 1000 ± 2 mg/L Se in HNO3) and Cu standard for ICP (Fluka, TraceCERT 
1000 ± 2 mg/L Cu in HNO3), diluted in a 5% aqua regia matrix. All standards and 
unknown samples were measured 6 times and averaged. A 7 minute flush time with 5% 
aqua regia matrix was used between all runs, and a blank was analyzed before each 
unknown sample to confirm removal of all residual metals from the instrument. 
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D.9 Calculation of Cu2-xSe NP Concentrations 
 Cu2-xSe NP concentrations were determined using the UV-vis-NIR spectrum of 
the NPs before BT and NBT addition in CHCl3 (Figure D3). Spectra were taken using a 
Cary 5000 UV-vis-NIR (Agilent, Inc.). UV-vis-NIR measurements were collected of NP 
suspensions diluted in CHCl3 using 1.0 cm quartz cuvettes (Hellma, Inc.). Five serial 
dilutions of the concentrated NP stock were prepared in each solvent system for each 
ligand shell (OAm and PVP). These particles were air dried, digested in 5% aqua regia 
and then further diluted for analysis. The extinction spectra were measured from 800-
1500 nm, the concentrations of NPs were measured by ICP-OES (vide supra), and the 
average diameters of the NPs were determined using HRTEM micrographs. The total 
number of unit cells per particle was estimated by dividing the volume of the NP sphere 
by the volume of the cubic antifluorite lattice of Cu2Se. The volume of the antifluorite 
unit cell was determined by PXRD (vide supra). The total number of Se atoms was then 
estimated per particle by multiplying the number of unit cells per particle by 4, which is 
the number of Se atoms present in an antifluorite unit cell. 
  
188 
 
 
Figure D3. Molar extinction spectra of the (A) OAm and (B) PVP capped Cu2-xSe NPs dispersed 
in CHCl3. The insets correspond to their extinction profiles. 
D.10 
1
H Nuclear Magnetic Resonance (NMR) Spectroscopy 
All 
1
H NMR measurements were performed on a Bruker 400 Ultrashield magnet 
with an AVANCE III 400 Console or a Bruker 600 Ultrashield magnet with an AVANCE 
III 600 Console (Bruker Biospin, Billerica, MA) at 298 K. For all experiments, a 
minimum recycle delay of 15 s was used, which was sufficiently greater than T1. NMR 
samples were prepared as described above by dissolving OAm in CDCl3, and by 
concentrating the Cu2-xSe NPs in CDCl3.  
D.11 Quantifying the OAm Ligand Density on Cu2-xSe NPs 
The OAm ligand density on Cu2-xSe NPs was quantified using a non-destructive 
1
H NMR technique.
3
 Briefly, following NP purification, the OAm capped Cu2-xSe NPs 
were air-dried diluted to a final volume of 2 mL of CDCl3. 10 μL of the concentrated NP 
solution was further diluted to a final volume of 500 μL using CDCl3, and analyzed via 
1H NMR. Dimethylsulfoxide (DMSO, 5 μL of 70 mM DMSO inCDCl3) was added to 
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each sample as an internal standard. Proton peaks (2H) at =~5.4 ppm, which can be 
assigned to the allylic protons of OAm, were integrated with respect to the DMSO 
standard (6H). Particle concentrations in each sample were determined using ICP-MS and 
HRTEM as discussed in the calculation of molar extinction coefficient section (vide 
supra). Ligand densities were calculated by dividing the integrated allylic ligand 
concentrations by the concentration of NPs obtained using ICP-OES (note that the ICP-
OES and 
1
H NMR values were always obtained from the same sample solution). 
Representative 
1
H NMR spectra of OAm capped Cu2-xSe NPs are included in Figure D4, 
in comparison with OAm solution without the presence of NPs. The average quantified 
OAm ligand density was 3.1 ± 0.4 nm
-2
, where the error accounts for the standard error 
for over 10 experimental replicates. This reported ligand density corresponds to 1719 ± 
250 OAm ligands on a Cu2-xSe NP surface, assuming the particles are spheres. 
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Figure D4. Representative 
1
H NMR spectra of (A) oleylamine capped Cu2-xSe NPs and (B) free 
oleylamine in solution 
D.12 Raman Spectroscopy Analysis 
 The SERS instrument is a modified version of a previously published set-up.
4
 
Briefly, 6W of <250 fs pulses, centered at 1035 nm, from a fiber amplifier (Clark MXR, 
Impulse), are sent through a spectral filter to generate picosecond pulses. In the spectral 
filter, the beam is directed through a transmission grating and focused onto a slit in front 
of a mirror.
5
 The beam is then focused onto the sample. The spectral resolution is 17.8 
cm
-1
 as measured by the 786 cm
-1
 peak in toluene and the pulse duration is 2.8 ps, as 
measured by the optical Kerr effect in toluene. After the sample, the spontaneous Raman 
signal is sent through a 1064 nm Razor Edge Raman filter and focused into a 
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spectrograph (Princeton Instruments, Acton SP2300) containing a 300 gr/mm grating 
blazed at 1 µm. The Raman signal is collected with a 1024 pixel, liquid N2 cooled 
InGaAs array (Princeton Instruments, Pylon-IR 1.7). The spectra were collected as 3 
frames with 20 s acquisitions. The frames were averaged together and the spectra were 
scaled with respect to acquisition time and laser power. For all measurements, the flux 
was 350 W/cm
2
, which corresponds to 5.4 MW/cm
2
 peak power. 
D.13 Estimation of SERS Enhancement Factor for Cu2-xSe NPs 
 The SERS enhancement factor (EF) for Cu2-xSe NPs was determined by the 
following equation (D2): 
𝐸𝐹 =  
𝐼𝑆𝐸𝑅𝑆𝑁𝑁𝑅𝑆
𝑁𝑆𝐸𝑅𝑆𝐼𝑁𝑅𝑆
       (D2) 
where ISERS and INRS are the Raman intensities of a specific mode for the SERS and 
normal Raman spectroscopy (NRS) measurements, respectively, while NSERS and NNRS 
correspond to number of BT molecules adsorbed on the plasmonic substrate and in 
solution, respectively, for the probed volume. 
In Figure 6.2A, the grey spectrum represents a normal Raman spectrum of BT 
diluted with chloroform to 98 mM. We can fit each Raman peak to a Gaussian to 
extrapolate the peak amplitude which is equivalent to INRS for each mode. From the 
known concentration of the solution, we can calculate NNRS after measuring the focal 
volume of the laser. The spot radius of the laser beam at the focus was determined by 
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measuring the power before and after a 50 µm diameter pinhole at the sample position 
and placing the values in the following equation (D3): 
𝑠𝑝𝑜𝑡 𝑟𝑎𝑑𝑖𝑢𝑠 = 2√
−2(
𝑑
2
)
2
𝑙𝑛(1−
𝑝𝑎
𝑝𝑏
)
    (D3) 
where d is the diameter of the pinhole, pb is the power before the pinhole, and pa 
is the power after the pinhole. For these experiments, the focal volume was 2 x 10
-5
 mL. 
By multiplying the focal volume by the concentration of the BT solution and converting 
moles to molecules using Avogadro’s number, NNRS is 1.2 x 10
15
 molecules. 
NSERS was calculated by first determining the concentration of NPs in the focal 
volume (2 x 10
-5
 mL). From the extinction spectrum (Figure 6.1C), the optical density is 
0.166 at the LSPR maximum, which corresponds to 5 x 10
13
 particles/L based on the 
molar extinction coefficient (Figure D3). By multiplying the focal volume by the particle 
concentration, the number of particles in the focal volume is 1 x 10
6
. Next, we can 
estimate the surface area of a particle from the average particle diameter measured by 
TEM (Figure 6.1B, 16 ± 2 nm). Assuming the particles are spheres, the surface area is 8 x 
10
-4
 µm
2
.  
In addition to particle concentration, the other key component of determining 
NSERS is estimating the packing density of the analyte on the NP surface. For these 
experiments, the packing density is estimated based on the capping ligand density of the 
NPs.
3
 Additionally, Osawa et al. reported that a self-assembly monolayer of BT on Au 
193 
 
(111) surface has a maximum density of 3.2 molecules/nm
2
 where the BT molecules are 
attached at a tilt angle.
6
 These densities assume that the analyte completely displaces the 
capping ligand on the surface of the NPs. Due to NP instability post-purification, the Cu2-
xSe NPs ligand shell could not be analyzed using 1H NMR techniques.
7
 Instead, LSPR 
shifts were used to quantitatively access the relative surface coverage of BT in Cu2-xSe 
NPs (Figure D2). From these packing density estimates, the number of molecules per 
particle is 2400, which gives a NSERS of 2.4 x 10
9
 molecules. 
The ISERS at each concentration is measured by fitting each peak (Figure 6.2A) to 
a Gaussian to extrapolate the peak amplitude, which is equivalent to the intensity (Table 
D1). At this point, we would normally be able to calculate an enhancement factor. 
However, in these experiments, an excess of BT was used and this excess must be taken 
into account. We have done so in the following manner. After finding the ISERS for each 
BT concentration, we can calculate the ISERS/NSERS ratio by dividing each intensity by the 
number of molecules (Table D1). Each sample has the same concentration of particles 
and due to the excess of BT added, we can assume that NSERS is the same for all three 
concentrations. We can then repeat the NNRS calculation, described above, to determine 
the number of BT molecules at each concentration if we assume there are no NPs present 
(Table D1). We then plot the ISERS/NSERS ratio against the NNRS at each concentration to 
obtain Figure 6.2B. If we fit these data to a linear regression, the y-intercept (4.9 x 10
-12
) 
can be used as an idealized ISERS/NSERS ratio that accounts for the excess BT in the 
samples. Using this ratio in Equation D2 with the NRS ratio described earlier for the 98 
mM BT solution, we obtain an enhancement factor of ~10
4
. 
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Table D1. Relative SERS intensities of 1002 cm
-1
 mode of BT at various concentrations 
for the quantification of an enhancement factor for Cu2-xSe NPs 
[BT] (mM) ISERS ISERS/NSERS NNRS 
3.9 0.030 1.2 x 10
-11 
4.7 x 10
13 
19.6 0.100 4.17 x 10
-11
 2.4 x 10
14 
58.8 0.290 1.21 x 10
-10 
7.1 x 10
14 
D.14 Time-Resolved SER Spectra of NBT Dimerization on OAm and PVP Capped 
Cu2-xSe NPs 
 The difference spectra shown in Figure 6.3 were obtained by subtracting the 
spectrum obtained upon initial exposure to the laser (0 min) from the spectrum obtained 
after 5 minutes of irradiation (Figure D5). The grey spectrum in Figure D5 is a normal 
Raman spectrum of NBT. The NBT peaks are marked by black dashed lines and the 
DMAB product peak is denoted with a red dashed line. Solvent (CHCl3) peaks are 
denoted by asterisks. Spectra are shown for both the OAm capped (Figure D5a) and the 
PVP capped (Figure D5b) Cu2-xSe NP samples. 
From these spectra, we can estimate a percent yield for this reaction on Cu2-xSe 
NPs. First, we fit the 1344 and 1580 cm
-1
 reactant peaks before and after irradiation to a 
Gaussian function to extrapolate the peak amplitude. We account for any changes in 
signal by comparing the amplitude changes between the nitro stretch (1344 cm
-1
) and the 
C-C stretch (1580 cm
-1
) from before and after irradiation. Then we can fit the 1458 cm
-1
 
product peak to obtain its peak amplitude. By placing the peak amplitudes into Equation 
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D5,
8
 we can obtain the percent yield for this reaction to between 23 – 27% for OAm 
capped Cu2-xSe NPs and between 21 – 26% for PVP capped Cu2-xSe NPs. 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑌𝑖𝑒𝑙𝑑 =  
𝐹𝑖𝑛𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒
𝐹𝑖𝑛𝑎𝑙 𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒
           (𝐷4) 
 
Figure D5. Time-resolved SER spectra of NBT in the presence of (a) OAm and (b) PVP capped 
Cu2-xSe NPs. Black dashed lines denote NBT and the red dashed line marks the growth of a 
DMAB peak in the spectrum obtained after 5 minutes of irradiation. 
 
  
196 
 
Additionally, we performed a control experiment by irradiating a concentrated 
NBT solution in the absence of Cu2-xSe NPs at the same power and duration as the 
samples containing Cu2-xSe NPs. As can be seen in the difference spectrum in Figure D6, 
no DMAB peaks are present after 5 minutes of irradiation showing the necessity of the 
plasmonic Cu2-xSe NPs for the dimerization of NBT 
 
Figure D6. Time-resolved normal Raman spectra of 
NBT in the absence of Cu2-xSe NPs. After 5 minutes 
of irradiation, DMAB has not formed. 
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E.1 Methods for Mode-Specific Energy Transfer Experiments 
E.1.1 Sample Preparation 
Colloidal gold nanoparticles were prepared by following the Frens method for 
citrate-capped gold nanoparticles with a listed diameter of 97.5 nm.
1
 Under heat and 
stirring, 7.4 mg of gold (III) citrate dissolved in 74 mL DI H2O were combined with 1.55 
mL of 1% by weight aqueous sodium citrate dihydrate. After 15 minutes, nanoparticles 
were formed with an average diameter of 80 ± 30 nm, as measured by SEM (JEOL 
6700F) using ImageJ software. The gold nanoparticle were concentrated by centrifuging 
1 mL as-synthesized gold nanoparticles for 50 minutes and removing 0.97 mL of the 
supernatant. The nanoparticles were combined with 2 µL of a saturated aqueous solution 
of 7-(trifluoromethyl)qunionline-4-thiol. The samples were prepared for ultrafast 
measurements by dropcasting 3 µL of the NP-analyte solution onto a glass slide. The 
solvent was allowed to evaporate prior to the measurement. Gold (III) chloride, sodium 
citrate dehydrate, potassium nitrate, and 7-(trifluoromethyl)quinoline-4-thiol were 
obtained from Sigma Aldrich and used without further purification.  
An extinction spectrum was obtained with a Shimadzu UV-2600 UV-Vis 
spectrometer with an integrating sphere (Figure E1). 
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Figure E1. Extinction spectrum of 7-
(trifluoromethyl)quinoline-4-thiol (CFQ) 
adsorbed to aggregated gold nanoparticles 
deposited on a glass slide 
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E.1.2 Data Collection and Processing 
 
Figure E2. Ultrafast surface-enhanced (a) anti-Stokes and (b) Stokes spectra for 7-
(trifluoromethyl)quinoline-4-thiol adsorbed to aggregated AuNPs. Spectra were 
obtained by photoexciting with 8.3 W/cm
2
 at 518 nm and probing with 100 W/cm
2
 at 
1035 nm. Spectra are offset for clarity. 
Each SER spectrum consists of 3 spectra that were acquired for 30s and averaged 
together (Figure E2). For each mode of interest, the peak at each time point was fit to a 
Gaussian to extrapolate the peak amplitude. These amplitudes were used in the 
Boltzmann distribution analysis as described by Equation (E1): 
Effective Temperature (K) =
−Energy of Vibration (J)
kb∗ln(
Intensityanti−Stokes
IntensityStokes
)
  (E1) 
where kb represents the Boltzmann constant. To account for wavelength dependent 
enhancement from SERS and the detector efficiencies, the effective temperature were 
normalized with respect to the effective temperature of pump-off spectrum for each 
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mode. The resulting normalization allowed for the comparison between modes in terms 
of relative energy, as shown by the scale bar in Figure 7.1.   
E.1.3 Oscillatory Features Present after 10 ps for Solution Phase Samples 
As mentioned in Chapter 7, this 
dissertation primarily focuses on heating 
responses that occur within the first 25 ps 
after photoexcitation. However, 
preliminary data examining the heating 
response at later time points have been 
collected for solution phase samples. The 
solution phase samples are identical to 
the aggregated AuNPs samples with 
adsorbed 4-NBT that were discussed in 
Chapter 4. As mentioned in Chapter 7, 
sample heterogeneity strongly affects the 
heating response we observe at later time 
points. In Figure E3, I show the effective temperature plots for the ring breathing mode 
(1079 cm
-1
) and the symmetric nitro stretch (1340 cm
-1
) for 4-NBT from 10 ps to 200 ps 
for two different samples. The effective temperature plots are offset for clarity. As can be 
seen, each mode exhibits a similar pattern of oscillations over this time period, however, 
the relative magnitude at each time point can vary significantly. If we then consider 
potential sample instability and degradation over the course of subsequent measurements, 
 
Figure E3. Comparison of oscillatory 
features that arise in solution phase samples 
containing 4-nitrobenzenethiol adsorbed to 
aggregated AuNPs for two different 
samples. The data sets are offset for clarity. 
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these oscillatory features become lost in the noise. While we can extrapolate important 
information about heat dissipation from the system on this time scale, this type of sample 
may not be optimal for these measurements. 
E.2 Methods for Experiments with AlNC-Pd Nano-Antenna Reactors  
E.2.1 Sample Preparation  
 Samples obtained from Dayne Swearer from the Halas group at Rice University.
2
 
Samples for ultrafast experiments were prepared by centrifuging 200 µL of as received 
AlNC-Pd (189B) suspended in 2-propanol for 30 minutes and removing 180 µL of the 
supernatant. The remaining 20 uL were split in half and 10 µL of AlNC-Pd suspended 
in 2-propanol were combined with 2 µL of 50 mM aqueous catechol in a 
microcentrifuge tube. On a clean glass slide, 3 µL were dropcasted and the solvent was 
allowed to evaporate. 
 The extinction spectrum in Figure 7.2b was obtained with a Shimadzu UV-2600 
UV-Vis spectrometer with an integrating sphere. 
E.2.2 Data Collection and Processing 
Each spectrum consists of 3 spectra that were acquired for 30s and averaged 
together. Normally, a pump-off spectrum is taken followed immediately by a pump-on 
spectrum at each time point. After the spectra are averaged, the pump-off spectrum is 
subtracted from the pump-on spectrum to see the effects of excitation at different time 
delays. However, there is a great deal of static background from the pump beam which 
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makes the difference spectra from this subtraction difficult to interpret due to the large 
background. Instead of subtracting a pump-off spectrum, a spectrum at -50 ps is taken 
with the pump on and this spectrum is used as a substitute for the pump-off spectrum. At 
-50 ps, the probe pulse arrives before the pump pulse, thus the spectrum only shows the 
static background from the pump without any sample dynamics due to excitation. 
E.2.3 Theoretical Modeling of AlNC-Pd Nano-Antenna Reactors 
Yue Zhang in Peter Nordlander’s group at Rice University performed theoretical 
modeling of the plasmonic properties of AlNC-Pd nano-antenna reactors with various 
AlNC diameters. She modeled the scattering cross section and the electric field 
enhancements for diameters between 110 to 200 nm. The electric field enhancement is 
‘measured’ at a distance of 1 nm from a Pd island on the surface of the AlNC. The AlNC 
is assumed to have a 3 nm outer alumina layer and the particles are suspended in IPA, 
which has a refractive index of 1.37. From these computations, the optimal AlNC 
diameter was 200 nm shown in Figure E4. By comparing this figure to Figure 7.2b, it 
becomes clear that scattering dominates the experimental LSPR of the 200 nm AlNC-Pd 
nano-antenna reactors. 
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Figure E4. Theoretical modeling of the wavelength dependent (a) scattering cross 
sections and (b) electric field enhancement for AlNC-Pd nano-antenna reactors compared 
to similar AuNPs. Scattering dominates in the experimental LSPR (Figure 7.2b) 
Calculations and Figures courtesy of Yue Zhang and Peter Nordlander 
E.3 SERS Instrument Set-up 
A detailed description of the ultrafast SERS instrumentation has been published 
previously.
3
 In brief, <250 fs laser pulses, centered at 1035 nm from a fiber amplifier 
(Clark-MXR Impulse) were split with a 50:50 beam splitter to make the pump and probe 
beams. The pump beam at 518 nm was generated by SHG in a 3 mm beta-barium borate 
(BBO) crystal (Newlight Photonics), and the 1035 nm used a portion of the fundamental 
laser beam directly.The pump beam was sent onto a motorized delay stage (Newport 
XMS500) before the sample to vary the time delay. To generate the narrowband 
picosecond probe beam, the femtosecond pulses were sent into a spectral filter where 
they were dispersed by a transmission grating onto a slit.
4
 After the sample, the 
spontaneous Raman scattering was directed to a spectrograph (Princeton Instruments, 
2300i) with a 600 gr/mm grating blazed at 750 nm or a 300 gr/mm grating blazed at 1 µm 
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onto a 1024 pixel InGaAs array (Princeton Instruments PYLON-IR 1.7). A 850 nm long 
pass filter (Thorlabs FEL850) removed the remaining pump light and a 1064 nm Raman 
Edge filter (Edmund Optics 47-510) was placed before the spectrograph to remove the 
Rayleigh scatter. The data were collected using home-written LabView code. The 
instrument response of this set-up is 2.17 ps, as measured by the optical Kerr effect on a 
glass slide while the spectral resolution is 13 cm
-1
,
 
 as measured from the 800 cm
-1
 mode 
of cyclohexane. All data were collected with a repetition rate of 24.5 MHz. 
The spot size of the probe was 1 x 10
-4 
cm
2
 and the pump had a spot size of 6 x 
10
-4
 cm
2
 for 518 nm excitation. Each spot radius was determined by measuring the power 
before and after a 50 µm diameter pinhole at the sample position and placing the values 
in the following equation (E2): 
spot radius = 2√
−2(
d
2
)
2
ln(1−
pa
pb
)
    (E2) 
where d is the diameter of the pinhole, pb is the power before the pinhole, and pa is the 
power after the pinhole. Table E1 & E2 list the probe and pump peak energy, fluence, 
flux, and peak power for the CFQ and AlNC-Pd experiments, respectively. 
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Table E1. List of photoexcitation and probe peak energy, fluence, flux, and peak power 
for experiment with CFQ adsorbed on aggregated AuNPs 
 Peak Energy 
(nJ) 
Fluence 
(µJ/cm2) 
Flux 
(W/cm
2
) 
Peak Power  
Pump 0.20 0.34 8.3 1.3 MW/cm
2 
0.052 J/cm
2 
Probe 0.41 4.1 100 1.8 MW/cm
2
 0.072 J/cm
2 
Table E2. List of photoexcitation and probe peak energy, fluence, flux, and peak power 
for experiment with AlNC-Pd  
 Peak Energy 
(nJ) 
Fluence 
(µJ/cm2) 
Flux 
(W/cm
2
) 
Peak Power  
Pump 0.12 0.20 5.0 0.80 MW/cm
2
 0.03 J/cm
2 
Probe 0.37 3.7 90 1.6 MW/cm
2
 0.065 J/cm
2
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